UNCLASSIFIED 


_ AD  NUMBER _ 

ADB013904 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
only;  Test  and  Evaluation;  DEC  1973.  Other 
requests  shall  be  referred  to  Air  Force  Flight 
Dynamics  Laboratory,  Attn:  FEE,  Wright -Paterson 
AFB,  OH  45433. 


_ AUTHORITY 

AFFDL  ltr,  27  Dec  1977 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


AFFDL-TR-76-9 


ELECTRONIC  EQUIPMENT  COLD  PLATES 


ENVIRONMENTAL  CONTROL  BRANCH 
VEHICLE  EQUIPMENT  DIVISION  ^ 


APRIL  1978 


TECHNICAL  REPORT  AFFDL-TR-76-9 


Distribution  limited  to  U.S.  Covers  meat  agencies  ooly;  toot  and 
evaluation,  statement  applied  December  197*.  Other  request  for  this 
document  must  be  referred  to  the  Air  Force  Flight  Dynamics 
Laboratory  (FEE!,  Wright  Patterson  Air  Force  Bans,  Ohlo45iS3L 


AIR  FORCE  FLIGHT  DYNAMICS  LABORATORY 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE.  OHIO  IMH 


NOTICE 


When  Government  drawings,  specifications,  or  other  data  are  used 
for  any  purpose  other  than  in  connection  with  a  definitely  related 
Government  procurement  operation,  the  United  States  Government  thereby 
incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the  fact 
that  the  government  may  have  formulated,  furnished,  or  in  any  way  sup¬ 
plied  the  said  drawings,  specifications,  or  other  data  is  not  to  be 
regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the 
holder  or  any  other  person  or  corporation,  or  conveying  any  rights  or 
P*r*i**i°n  to  manufacture,  use,  or  sell  any  patented  invention  that  may 
in  any  way  be  related  thereto. 

This  technical  report  has  been  reviewed  and  is  approved  for  publi¬ 
cation. 


Project  Engineer 


DUAME  A  BAKER,  Lt  Col,  USAP 
Actg.  Chief,  Vehicle  Equipment  Division 
AF  Flight  Dynamics  Laboratory 


Copies  of  this  report  should  not  be  returned  unless  return  is 
required  by  security  considerations,  contractual  obligations,  or  notice 
on  a  specific  document. 

*•*  *'”  •  •  •  *%  •  • 


\ 


UNCLASisli  ILD 


ItcytT*  ct* »t«r>c*Tio«i  ©r  ?».  »  m«[ 


REPORT  DOCUMENTATION  PACE 


KPAD  INSTRUCTIONS 

IQUPI  t  T?St,  y  KV 


,  ss« t  »  nn  n  m>i  *  «f  -p,* 


»’  *l©3  *•  Ktlll 


AFFDL-TR-76-9 


T/TIC  fan#  fvtll  f«»  i 


►  **•»  •*  ©tpe*^  •  *» 
FlnaL  report  for 
Jun  |f75  m>  Apr  1 


ELECTRONIC  EQUIPMENT  COLO  PLATES 


Carl  J.  Feldman! 


«Oa*»»ma(l,T  MOHCt  T  Atm, 

**<  *  *  *  »*  un  r  mma?  M- - - 


Mr  Fore®  Flight  Dyr.aaics  Laboratory 
Wright-Patterson  Air  Fore®  Bare,  Ohii 


coNT«o  tiN6  orncr  mamc  an©  aooactt 


♦  «Dl>aUfci)  <ih»m«i  lw  f«mwiiw|  QHitti  I  it  uil'^iTf 


»»•'*:  A*  '*  ©©«s  «a,mt 


*  ftlUlItt  in  ITATtWtNT  '»!  thl, 


I  MllfX  M  »/.<»  J*,  1/  mlUim  l  trmm  Hi,  ,1 


'»  KtV  »0*0» 


Electronic  Equipment  Cooling 
Cold  Plates 
Heat  Pipes 


"M'M  •'*  M  I»:>»arr  »#  Mwlllr  A.  tint  hu»»>i) 


ar>d  analytical  work  have  been  perforaed  to  investigate  capabili 
ties  and  thermal  perfornance  characteristics  of  cold  plates  for  electronic  equi 
aent  cooling.  The  effort  includes  air-cooled  cold  plates,  liquid-cooled  cold 
plates,  and  cold  plates  provided  with  heat  pipes.  Different  designs  were  se¬ 
lected  for  each  of  the  three  categories  and  thermal  tests  at  different  coolant 
flow  and  equipment  power  dissipation  rates  performed,  it  has  been  shown  that 
large  amounts  of  equipment  waste  heat 


can  be  removed  by  this  cooling 


tO*TIOM  or  I  MOV  •>  it  ©stoic TC 


UNCLASSIFIED 
ccvetTv  ci Atvnc ation  o*  th 


nt*4) 


,1  mm  Hiit  uh)n  o>  Tail  Hit ;ini«  put  r.1.,,4 


technique,  and  thermal  performance  accurately  predicted,  particularly 
with  computer-aided  analysis. 
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FOREWORD 


T1jI«  report  was  prepared  by  C.  J.  Feldmanis  of  the  Environmental 
Control  Branch,  Vehicle  Equipment  Division,  Air  Force  Flight  Dynamics 
Laboratory,  Wright-Patterson  Air  Force  n^se,  Ohio,  Tho  study  was  con¬ 
ducted  under  Project  6146,  "Environmental  Control  Systems  for  Military 
Aircraft." 

The  report  describes  the  program  conducted  during  the  period  from 
June  1975  to  April  1976.  It  contains  the  results  of  experimental  and 
analytical  work  on  electronic  equipment  air-  and  liquid-cooled  cold 
plates,  and  cold  plates  provided  with  heat  pipes. 
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«oro  significant  for  the  cold  plates  without  extended  surfaces,  particu¬ 
larly  for  the  ones  of  larger  hydraulic  diameters.  Neither  the  hoat- 
transfer  coefficients  nor  flow  distribution  were  significantly  affected 
by  the  nani fold  configurations  of  the  cold  plates  equipped  with  compact 
heat  exchanger  cores. 

i**P*t*tur#  control  of  cold  plates  can  be  achieved  by  the  use 
of  variable-conductance  heat  pipes.  Thermal  cycling  caused  by  heat  load 
ct anges  or  heat-sink  temperature  changes  can  be  significantly  reduced  by 
the  application  of  heat-pipe  technology.  Uniform  temperature  s»unting 
surfaces,  often  a  requirement  in  microelectronic  circuit  design,  can  be 
conveniently  provided  by  using  heat  pipes.  However,  high  dynamic 
forces,  experienced  in  advanced  aircraft,  will  impose  limitations  on  the 
application  of  heat  pipes  to  avionics  equips^nt  cooling. 

Although  the  data  presented  in  this  report  will  not  provide  an¬ 
swers  to  all  problems  and  condition*  occurring  ir.  cold-plate  design, 
parameters  affecting  heat  transfer  end  flow  distribution  have  been 
identified  and  their  effects  upon  the  thermal  performance  of  cold  plates 
determined.  niectronic  equipment  standardization,  presently  under 
consideration,  should  lead  to  standardization  of  cooling  devices  and 
systems.  This  condition  will  simplify  design  of  the  thermal  control 
system  and  provide  the  cooling  required  for  equipment  reliability  and 
improved  performance  characteristics. 
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SECTION  I 

INTRODUCTION 


Advanced  aircraft  rely  more  and  snore  on  avionics,  consequently 
performance  of  the  aircraft  i.  becoming  closely  related  to  Sat  of  the 
electronic  equipment.  The  electronic  system-  growing  in  com,  lexUy 

3cW^ndn"*',MrtiC?1-rly  "ith  th*  d*V*1°l*nt  of  ***i conductor 

"  “icrocircuit  -PPlications.  Although  mierominia- 

t ur l zed  circuitry  dissipates  less  total  power,  the  power  density  (watts 

n  freqUently  mUch  higher  than  tbat  conventional 
(  ^  at  fluxe*  at  the  component  and  package  level  have  in- 

an“rfcr  of  ^fitude,  causing  difficulties  in  removing  the 

?  Known  from  experience  that  operating  temperature  is  a 
major  factor  in  electronics  reliability,  and  failure  rates  are  related 
temperature.  Operation  of  devices  and  circuitry  at  elevated  tem- 

cluarltvi*  usually  requires  derating  (operation  at  less  than  design 
capacity)  to  satisfy  reliability  goals. 

In  addition  to  stresses  induced  by  high  tcm|>eratures,  stresses  are 
also  caused  by  thermal  cycling.  Because  of  thermal  cycling,  failure 

r^rted ’CrrH:;  °f  •"’roxiit.ly  *“  °rd<~  magnitude  havener,  L- 

per  cd.  Furthermore,  most  transistor  circuits  in  present  use  require 

deTed  to"  BUf111Zing  Circuit*  *«  order  to  permit  operation  over  a 

roC  telirT^  ^  'T**  A1“°'  "•"0ry  Unit*  rc<luire  •  relatively  nar¬ 

row  tcmj>erature  range  for  proper  performance. 

'mere  are  three  basic  thermal  conditions  to  consider  to  i«s>rove 
opponent  reliability,  (l)  temperature  level,  (2)  thermal  cycling,  and 
l  >  emperaf ure  uniformity.  Heat  removal  and  thermal  control,  there- 
£"'  *  ”  1 “I  of  f»e  entire  ther.nl  ^trol 

^rsin^and  the  f  °f  ^  temPerature  gradient,  between  the 

f  ,.Ji  k  d  h  temperature  sensitive  parts  and  circuitry.  Selection 

°  TtnlTt'  IT'"3  t0  “atUfy  aU  thn  thema  ^requirements 

conditions^ *  con*ideration  should  be  given  to  many  particular 

heat  Jr  ®i^tr0niC  cooiing»  generally  all  of  the  three  basic 

heat  transfer  modes  (i.o.,  conduction,  convection  and  radiation)  are 

taking  [>art  in  heat  dissipation.  The  relative  importance  of  each  mode 
depends  upon  the  thermal  requirements  of  the  equipment,  the  available 
ri °ther  considerations  like  weight,  volume,  and  cost. 
Naturei  convection  and  radiation  swdes  of  heat  transfer  arc  used  in  the 

hi^h109  V  Jow'P°wor'donsity  equipment.  For  electronic  equipment  of 
high  packaging  densities  and  heat  dissipation  rates,  for«d  Section 
or  evaporative  cooling  techniques  must  be  considered.  Forced  convection 

Z liinZV'T6  dlrCCt  ^  lndireCt  «*>“"<>  techniques?" ti<>n 

TlrclitrJ ?'  if' *c\cy°° lin^  ^  electronic  components  and/or 

cnlina  LIfL?  [I  *  ?XP°8^  t0  ^  CO°Ung  fluid'  in  th0  ^direct 

e^l^nJ  ^  n0t  COm°  in  dircct  contoct  with  the 


Indirect  cooling,  considered  under  this  effort,  has  the  following 
advantages  over  immersion  or  direct  fluid  coolings  (1)  easier  accessi¬ 
bility  for  maintenance,  (2)  smaller  amount  of  coolant  (liquid)  within 
the  system,  (3)  less  sealing  problems,  (4)  simpler  and  lighter  cooling 
system,  and  (5)  the  ability  to  use  coolants  with  better  thermal  proper¬ 
ties.  This  cooling  technique  is  known  as  the  "cold  plate"  principle. 

In  this  cooling  technique,  the  electronic  equipment  is  mounted  to  cold 
plates  through  which  the  coolant  is  circulated.  Depending  on  the  heat 
loads  and  thermal  requi renw  nts,  liquids  or  gases  can  be  used  as  the  heat 
transport  fluids. 

Although  cold  plates  have  been  used  in  electronic  equipment  thermal 
control,  very  limited  information  can  be  found  in  the  open  literature 
about  capabilities  and  thermal  performance  characteristics  of  such 
plates.  This  effort,  therefore,  will  be  mainly  oriented  towards  col¬ 
lection  and  presentation  of  available  data,  including  some  analytical 
and  experimental  work  in  areas  where  information  was  not  available. 
Included  will  be  performance  characteristics  of  liquid-cooled  cold 
plates,  air-coolcd  cold  plates,  and  cold  plates  provided  with  heat 
pipes.  In  order  to  establish  confidence  in  the  analytical  procedures 
and  discover  deficiencies,  the  analytically  predicted  thermal  perfor¬ 
mance  of  the  cold  platea  will  be  compared  with  actual  test  data. 

The  cold  plates  shown  in  this  report  are  generally  of  experi¬ 
mental  nature,  and  might  not  present  the  best  possible  design  features 
and  performance  characteristics.  They  present,  however,  the  general 
thermal  capabilities  of  the  different  cold  plates  tested,  and  allow 
determination  of  parameters  affecting  heat  transfer  and  flow  distri¬ 
bution.  The  extensive  experimental  work  also  provided  information  about 
problem  areas  which  need  further  exploration  and  development  work. 


SECTION  II 


THERMAL  REQUIREMENTS  OF 
ELECTRONIC  EQUIPMENT 


Effective  heat  transfer  and  removal  it  essential  to  the  achievement 
°  long  life,  high  reliability  and  performance  of  electronic  equipment. 

*  i^fatUr°  iB  *  "*j°r  fact°r  in  ^‘ctronic  equipment  relia- 

Jtrl  iUr?  r!ta"  arC  COmonly  r«l»ted  to  the  junction  temper¬ 

ature.  Although  electronic  equipment  reliability  is  affected  by  other 
environment*,  field  experience  indicate*  that  a  significant  number  of 
'Vi  °  from  temperature  effect*.  To  minimize  the  failure  rate 

■UCCC,sfu}  ^ration  of  electronic  equipment,  low,  stable 
temperatures  are  required. 

It  i«  recognized  that  thenwl  de.ign  i.  as  important  as  circuit  de¬ 
sign  because  temperature  effects  can  determine  the  life  of  electronic 
part*  and  circuitry.  Heat  degrades  bulk  characteristics  and  has  a  de¬ 
generative  runaway  effect  on  junction  characteristics.  To  protect 
against  this,  current  limiting  fuses,  temperature  compensating  cir¬ 
cuitry,  temperature  sensitive  bypass  diodes,  etc.  are  necessary  for 
proper  equipment  operation  and  reliability.  Temperature  effect,  can  be 
generally  outlined  as  follows,  (1)  chemical  change,  which  cause  cor¬ 
rosion  and  diffusion,  (2)  physical  changes,  including  change,  in  cal- 
ibra  ion,  insulation  damage,  and  weakening  of  leads  and  bonds,  and 
(3)  electrical  change,  which  cause  drift  of  component  characteristics, 
elec.rical  noise,  and  spontaneous  switching  of  logic  circuits.  There  is 

rf?^raJUrlat  WhiCh  th*  ability  10  tun*  th«  circuit  become, 
extremely  difficult  because  of  thermal  noise  and  rapidly  changing  device 

characteristics.  Furthermore,  the  trend  toward  faster  logic  circuitry 
requires  closer  spacing  of  comjonents  to  reduce  the  delay  in  signal 
transmission.  Besides  electrical  problems,  closely-spaced  component. 

moan°  ^  Pr°bl0,M '  Thu*'  tho  closer  spacing  of  component, 

mean,  that  more  power  must  be  dissipated  per  unit  area.  It  can  gener- 

ally  bo  stated  that  circuit  temperature  sensitivity  is  increased  with 
circuit  complexity. 

semiconductors  include  such  components  as  transistors,  diodes,  in- 
igrate  circuits,  rectifiers,  etc.  All  of  these  components  axe  tem¬ 
perature  limited,  depending  on  the  type  of  electrical  junction  con¬ 
struction  and  the  basic  semiconductor  material  forming  the  device.  Host 
uemi conductors  are  made  of  germanium  or  silicon  material.  Maximum 
junction  temperatures  for  germanium  device,  are  quoted  as  nigh  as  110°C, 
and  for  silicon  devices  200#C.  The  actual  operating  temperatures, 
however,  because  of  circuit  performance  requirements  and  reliability 
specifications,  dictate  much  lower  junction  temperatures.  In  many 
Instances  .  125*c  junction  or  .lllcon  chip  teporoturo  u  “I 
typical  conservative  upper  limit  for  reliable  operation  of  present-day 

f°ni?*'  T1*  limit  iB  al8°  «nfore«d  for  equipment  to  be 

installed  in  aircraft  presently  under  development.  Silicon  junction 

J"  BPaXflighV"d  con,puter  equipment  are  often  specified 
the  range  from  70  C  to  80  C.  Reference  1  points  out  that  silicon 


device*  operated  at  300*C  will  age  10,000  t*mes  faster  than  the  sa mo 
devices  at  125*C.  The  effect  of  a  200*C  temperature,  compared  to  on#  at 
12S*C,  is  aging  at  a  tat#  170  times  faster. 

In  addition  to  the  stresses  induced  by  high  temperatures ,  addi¬ 
tional  stresses  are  caused  by  thermal  cycling.  5tudies  performed  by  the 
Navy  (NADC)  reveal  that  tesqpcrature  cycling  has  significant  effect  upon 
the  reliability  of  electronic  equipment.  References  2  and  3  indicate 
that  temperature-cycled  part  life  may  be  six  to  seven  times  less  than 
similar  parts  operated  under  constant  temperature  conditions.  Cracked 
insulator  cases  and  open  circuits  between  the  devices  end  lesds  are 
common  failure  modes  caused  by  thermal  cycling  ot  shock.  Hermetic 
seals,  particularly  the  soft-solder  type,  are  affected  by  high  surface 
temperatures  and  temperature  cycling.  A  successful  cooling  system  for 
electronic  components,  therefore,  not  only  facilitates  operation  at  some 
reduced  temperature,  but  must  also  moderate  thermal  cycling  resulting 
from  variations  in  power  dissipation  and/or  heat-sink  tesf>ersture 
changes. 

Another  important  thermal  requirement  is  temperature  uniformity. 
Uniform  cooling  is  important  in  circuits  that  have  components  in  paral¬ 
lel  as  differences  in  temperature  can  cause  unequal  power  loading  of  the 
components.  Uniform  cooling  is  also  important  in  circuits  where  dis¬ 
tortion  of  signal  or  calibration  changes  may  be  caused  by  differences  in 
temperaturs.  Uniform  cooling  has  become  increasingly  important  as 
slectronic  speeds  have  Increased.  Packaging  density  must  be  signifi¬ 
cantly  increased  for  very  hi^R-speed  logic  circuitry.  It  is  important 
to  the  circuit  designer  that  tnc  entire  cold  plAte  or  circtvit  hoard  Is 
at  a  uniform  temperaturs  because  cosiponent  layout  based  on  tlie'.mai 
considerations  can  be  eliminated. 

Reference  4  points  out  that  thermal  design  of  microelectronics  must 
satisfy  the  following  two  general  requirements i  (1)  provisions  must  be 
made  to  limit  temperature  variations  within  an  slectronic  syctem  to 
certain  maximum  and  minimum,  and  (2)  temperature  variations  from  point- 
to-point  within  a  system  must  be  kept  to  a  minimum.  These  requirements 
must  be  satisfied  for  optimum  performance  and  reliability  of  the  elec¬ 
tronic  system* 

The  most  temperature-sensitive  types  of  military  avionic  equipment 
are  computation,  cotsnunlcation,  multimode  radar  antennas,  electronic 
countermeasures  receivers,  and  navigation  equipment.  The  design  point 
of  the  cooling  system  for  this  equipment  is  generally  specified  as  100*0 
maximum  for  extended  normal  operation. 

In  summary,  there  are  three  basic  thermal  conditions  to  consider  to 
insure  electronic  equipment  reliability  and  pcrforstance :  (1)  tempera¬ 

ture  level,  (2)  temperature  cycling,  and  (3)  temperature  uniformity.  In 
designing  a  thermal  control  system  for  avionics  equipment,  all  of  these 
rcqulresK>nts  must  be  satisfied  as  closely  as  possible. 


SECTION  III 

ELECTRONIC  EQUIPMENT  MOUNTING 


Semiconductor  device,  are  widely  used  in  ,  res*nt-day  avion.c  sys- 
Hany.°f  th#  hl^-I«ver  device,  are  designed  for  stud  or  flange 

V*  r°VldedwwUh  •  »^face  to  injure  good  thermal 

contact  with  the  heat  sink.  A  good  conduction  path  between  heat-pro¬ 
ducing  component,  and  the  heat-.ink  .urface  i.  ...ential  for  efficient 
heat  removal.  A  thin  air  gap  or  film  can  cause  large  temperature  dif- 

il^ina  !  f  'T  Vs  elmctronlc  component  and  the  heat  .ink.  The 
fill  machined  flat,  protected  with  noncorro.ive 

lm  finishes,  and  for  beat  heat  transfer  result.,  application  of  sil¬ 
icone  grease,  to  eliminate  the  air  gap  is  highly  recoessended. 

Some  transistors  are  fabricated  with  their  case  electrically  con- 
“  ““  ""  tr.n.i.tor  Such  “ 

*nd  **  th#r"“1  resistance  from  the  case  to  the  heat 
significant**  jJ‘°  th°  in‘Ulatio"  resistance,  which  «y  Re  quite 

Hi*  °th"r  thur«1  interfaces  in  the  hea£-tran.fcr 

hit'*  !^n,  <?Uit“Card  th*rma^-m°unting  plate,  and  the  card 

«e  loUed?  r  the  cold  plates  to  which  they 

faces^LTr;.^  COntr°l  th<?  ther,Ml  resistance  across  metal  sur- 
faco.  include  flatness,  surface  finish,  hardness,  as  well  as  thermal 

ores^r^  °f  **1  “tin9  ,urf*c*‘*  and  the  interstitial  fluid  and 
low  in^rflT^  th*1Mri"9  Curfaccs-  It  is  recommended  that  to  assure 

Within  S  oSri^hnaaLr°"  rt4nCC'  B“'inq  ,urfacc*  »htuld  be  flat  to 
l °:°01  infh'  and  «urface.  should  be  finished  to  a  tolerance  of  63 

™iit!f**J?r  ***'  AU  Pai',t  and  0ther  tmptirities  should  be  removed 

WUh  #00°  fine  Btccl  silicone  oil. 

If  the  interface  is  not  properly  prepared,  the  thermal  resistance  may 

» ink^worth 1osjVO  tV  ”*V  h*at  trAnsfcr  capability  of  a  good  hea t 
sink  worthless.  Thermal  resistance  from  the  mounting  surface  of  the 

sels  -  uu—  -  -“■*  -  ~ 

the  fastener^  V  ,mo°th  surfaces  under  high  pressure  exerted  by 

It  ;  r  TL  "9  "inlmum  thickness  of  electrical  insulators. 

^  °Ut  bUCk  BUrfacct  enhancp  radiative  heat 


ro  „  ^*9r!  circuit»  may  be  cooled  hy  conduction  as  well  as  by 

U?n  IV  4tran#f*r  to  en#uro  temperatures.  The  simpler 
method  of  achieving  conductive  cooling  is  to  bond  integrated  circuit,  to 
a  conductive  layer  which  is  connected  to  a  heat  sink.  clrcuit.  to 
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Either  electrically  conductive  (soft  solder  or  conductive  cements) 
or  non-conductivo  (plastics  or  ceramic  cements)  bonding  materials  may  be 
usrJ,  depending  upon  whether  isolation  is  required.  The  component 
s.iapc,  bonding  technique,  bond  strength,  and  removal  requirements,  as 
well  as  thermal  conductivity,  all  enter  into  the  choice  of  bonding 
agent.. 

Reference  5  points  out  that  the  bond  should  be  as  thin  as  possible 
and  cover  the  entire  bonding  surface  of  the  component.  When  a  thick 
bond  is  required  for  electrical  insulation,  appropriate  size  glass  beads 
s«y  be  included  in  the  adhesive  to  support  the  cosqionent  at  the  proper 
distance  during  bonding.  When  additional  insulation  is  required,  a 
ceramic  spacer  may  be  bonded  between  the  component  and  heat  sink.  The 
thermal  resistance  of  the  bond  will  depend  on  the  bond  thickness,  joint 
surface  area,  and  thermal  conductivity  of  the  bonding  material.  Table  1 
(Ref  5)  presents  typical  thermal  resistance  values  for  bonded  joints. 
Table  2  (Ref  5)  presents  thormal  conductivity  of  typical  electrical 
insulation  materials. 

Reference  6  points  out  that  some  electronic  parts  are  specified  in 
terms  of  external  surface  temperatures  at  given  locations,  and  the 
internal  thermal  resistances  from  these  surfaced  to  the  most  temperature 
sensitive  internal  elements  are  given.  Other  electronic  parts  are,  in 
general,  rated  individually  for  certain  performance  at  specified  ambient 
temperatures.  The  ambient  temperature  for  a  part  is  the  temperature  of 
the  surrounding  medium  in  which  the  part  must  operate.  Ambient  temper¬ 
atures,  however,  do  not  have  much  meaning  with  densely-packed  electronic 
systems.  The  maximum  safe  temperatures  must  be  calculated,  based  on  the 
part  stress  analysis,  and  must  be  consistent  with  the  required  equipment 
reliability  and  the  failure  rate  assigned  to  each  part. 

The  internal  thermal  resistance  of  a  solid-state  device  is  ex¬ 
pressed  in  degrees  Centigrade  per  watt  (or  also  per  milliwatt).  In 
accordance  with  Reference  7,  the  lowest  internal  thermal  resistance  is 
about  0. 5°C/watt.  lx>w-powcr  transistors,  however,  have  internal  resis¬ 
tance?  between  forty  and  two  thousand  times  larger,  i.e.,  20°C/watt  to 
100C°C/watt  (or  l°C/mw) .  It  can  be  seen  that  regardless  of  the  low 
power  dissipation  rates,  case  temperatures  of  the  devices  must  be  kept 
low.  The  thermal  resistance  from  the  case  by  radiation  and  natural 
convection  is  usually  very  high,  and  the  primary  mode  of  heat  transfer 
in  cooling  semiconductor  devices  is  metallic  conduction.  Reference  7 
also  indicates  that  a  power  transistor  which  could  dissipate  70  watts 
when  mounted  on  an  infinite  heat  sink  at  2S°C  had  a  maximum  power 
dissipation  of  approximately  2  watts  when  mounted  in  free  air.  Under 
the  same  conditions,  the  smaller,  lower-power  devices  had  convection- 
radiation  thermal  resistances  ranging  up  to  50C°C/watt. 

Electronic  equipment  manufacturers  furnish  mounting  hardware  for 
the  several  types  of  cases  and  publish  the  effective  thermal  interface 
resistance  between  the  case  and  the  heat  sink,  usually  for  statod  torque 
or  contact  pressure.  The  contact  resistance  varies  with  the  surface 
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Table  1. 


Typical  Thermal  Resistance  of  bonded 


Joints  (Ref  1) 


own 

material 


Soft  Solder 
Epoxy  Resin 
Aluminum  Oxide 


THERMAL 
CONDUCTIVITY 
(wat t/*C  in) 


1.6 

0.005 


TYPICAL 

BOND 

THICKNESS 

(inch) 


0.005 

0.005 


THERMAL 
RESISTANCE 
(°C/watt  in 


0.003 


*) 


Filled  Epoxy  Resin  0.025 

Aerobic  Contact 

cmcnt  0.005 


0.005 


0.2 


0.001 


0.2 


Fable  2.  Thermal  Conductivity  of  Electrical  Insulation  Materials 


INSULATION 

MATERIAL 

THERMAL 
CONDUCTIVITY 
(watt/°C  in) 

HcO  Beryllium 

4.0 

A1  O  Aluminum 

2  1 

0.65 

Mica 

0.0013 

Fiberglass  Epoxy 

Laminate 

0.1 

flatness  and  the  torque  applied  to  tighten  the  bolts.  These  variations 
can  be  greatly  reduced  by  applying  silicone  compounds  to  the  owning 
surfaces.  These  compounds  are  grease-like  silicone  material  filled  with 
heat-conductive  metal  oxide. 

If  the  electronic  component  must  be  electrically  isolated  from  the 
heat  sink,  insulating  washers  made  of  Teflon,  anodized  aluminum,  mica, 
and  beryllium  oxide  must  be  used.  The  choice  of  washer  material  depends 
on  fragility,  ease  of  assembly,  cost,  and  manufacturing  me r nod  .  Flexi¬ 
ble  materials  such  as  Teflon  and  mica  partly  condensate  for  surface 
imperfections.  However,  the  heat-sink  surface  should  always  be  reason¬ 
ably  flat  and  smooth.  Beryllium  oxide  is  brittle  and  anodized  aluminum 
is  hard  so  that  very  flat  mounting  surfaces  are  required  for  these 
materials.  Table  3  of  Reference  5  presents  case-to-sink  thermal  re¬ 
sistances  for  typical  semiconductor  cases. 


e  C* 

>  RsS'a 

RESISTANCE 

NETWORK 


Figure  1.  Component  Mounting  on  Heat  Sink 


Consider  an  ordinary  air-cooled  heat  sink  with  a  power  dissipating 
device  mounted  on  it  as  shown  on  Figure  1.  Heat  generated  by  the  device 
flows  mainly  to  the  base  of  the  device.  From  the  base  it  flows  across 
the  mounting  joint  into  the  heat  sink,  then  to  the  surrounding  air.  The 
totai  thermal  resistance,  R^,  can  be  e;  pressed  as  follows: 
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where  R^c  -  thermal  resistance  from  junction  to  mounting  base 

Rc_a  "  thermal  resistance  from  component  mounting  base  to 
heat  sink  (interface  thermal  resistance) 

Rg_a  “  thermal  resistance  between  the  heat  sink  and  the 
ambient  air. 

Actually,  the  heat  sink  will  also  have  a  certain  resistance  to  heat  flow 
and  will  cause  a  temperature  drop.  However,  because  of  the  large  cross- 
sectional  area  and  high  thermal  conductance  of  the  material,  this  resis¬ 
tance  is  usually  neglected.  Wh'-n  the  thermal  resistances  are  known,  or 
they  may  be  measured,  the  junction  temperature  can  be  determined  from 
the  following  expression: 
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where  P  is  the  electric  power  dissipation  in  watts. 

If  the  base  temperature  of  the  device  is  known,  the  Junction  temperature 
can  be  determined  as  follows: 
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For  determining  the  heat  transfer  rate  and  temperature  gradients 
within  a  cooling  device,  two  general  conditions  of  the  heat  generating 
component  must  be  distinguished:  (1)  continuous  wave  and  (2)  pulsed 
operation.  In  continuous  wave  operation,  a  steady-state  heat  transfer 
analysis  can  be  used  on  the  component.  In  pulsed  operation,  the  junc¬ 
tion  temperature  of  the  component  varies  with  time.  The  average  ji mo¬ 
tion  temperature  is  proportional  to  the  duty  cycle,  while  the  maximum 
and  minimum  junction  temperatures  are  a  function  of  both  the  duty  cycle 
and  pulse  length.  The  pulse  width,  l ,  is  interrelated  by  the  expression 
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where  d  is  the  duty  cycle  and  PKF  i.  the  pulse  repetition  frequency. 

^duty  cycle  multi  pi  led  by  the  peek  module  output  yield*  the  avenge 
l>ower  output  of  the  module.  Figure  2  .how,  pulsed  operation  of  an 
electronic  component. 


Figure  2.  Junction  Temperature  Rise  vs  Time  as  a  Function  of 
Pulse  Width  and  Duty  Cycle 


SECTION  IV 


HEAT  REMOVAL  CONCEPTS  AND  HEAT  TRANSFER 
FROM  ELECTRONIC  DEVICES 


In  all  electronic  equipment  cooling,  the  three  basic  modes  of  heat 
transfer  (conduction,  convection,  and  radiation)  take  part  in  the  dis¬ 
sipation  of  waste  heat.  The  relative  in(>ortanco  of  each  mode  depends 
upon  the  thermal  requirements  of  the  equipment,  available  heat  sinks, 
and  the  specific  heat-removal  concept  employed.  The  predominant  modes 
of  heat  transfer  in  ordinary  (planetary)  environment  are  conduction  and 
convection.  Under  space  conditions,  the  predosiinant  modes  are  con¬ 
duction  and  radiation.  This  report  considers  electronic  equipment 
operation  in  planetary  environment  and  the  prisuiry  modes  of  heat  trans¬ 
fer  considered  are  conduction  and  convection. 

Components  com*  in  a  wide  variety  of  sizes  and  shapes  and  different 
mounting  provisions.  The  high  power  density  cottyxments  are  usually  de¬ 
signed  for  bolting  to  the  heat  sinks.  It  is  of  importance  in  thermal 
design  to  provide  a  low  thermal-resistance  heat-flow  path  from  the  heat 
dissipating  part  to  the  ultimate  heat  sink.  The  internal  thermal  resis¬ 
tance  of  the  part  (junction  to  case)  is  set  by  the  manufacturer  and  can¬ 
not  be  changed.  Providing  the  proper  heat-flow  path  from  the  mounting 
surface  of  the  component  to  the  ultimate  heat  sink  is  the  responsibility 
of  the  thermal  designer.  A  mounting  joint  between  the  component (s)  and 
the  cold  plate  will  always  exist.  When  the  component  must  be  electri¬ 
cally  isolated  from  the  plate,  this  joint  will  usually  provide  the  lar¬ 
gest  thermal  resistance  in  the  heat- flow  path.  At  the  joint  between  two 
sur(»c«i,  there  is  a  variable  thermal  resistance  which  deponds  on  the 
contact  pressure,  the  contact  area,  the  material,  and  the  surface  finish 
and  flatness.  More  detailed  discussions  about  joint  thermal  resistances 
follow.  When  components  are  mounted  on  circuit  cards,  a  thermal  inter¬ 
face  occurs  between  the  cards  and  the  card  slots. 

Forced  convection  (liquid  or  gas)  cooling  systems  can  be  basically 
classified  as  either  direct  or  indirect.  In  a  direct  system,  tho  cool - 
ant  is  in  direct  contact  with  the  electronic  components.  Heat  is  trans¬ 
ferred  directly  from  the  heat-producing  parts  to  the  coolant.  Forced 
convection  in  this  case  is  the  primary  mode  of  heat  transfer  from  the 
part.  In  the  indirect  system,  the  coolant  does  not  come  in  direct 
contact  with  the  electronic  cosiponrnts.  Heat  is  removed  from  the  elec¬ 
tronic  components  by  conduction  to  the  plate  or  chassis  and  from  there 
by  convection  to  the  circulating  coolant.  For  electronic  systems  having 
low  or  medium  heat-dissipation  rates,  air  cooling,  because  of  its  avail¬ 
ability,  provides  simple,  cheap,  and  effective  cooling.  Doth  direct  and 
indirect  air  cooling  have  been  extensively  used.  However,  since  air 
often  contains  large  amounts  of  moisture  and  du3t,  there  is  a  tendency 
and  sometimes  the  requirement  to  employ  indirect  air  cooling  by  the 
application  of  cold  plates  or  chassis. 
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For  example,  if  t3max  -  200°C  at  q  -  0  watt, 
and  at  tc  ■  25°C,  q  ■  100  wattsi 
then,  Rj_c  .  -  1.75°C/watt. 


atu«eor^r  S™?'  Wh°n  thCn,“1  re*i8t#n«  *•  known,  the  case  temper¬ 
ature  of  the  device  can  be  determined  from  the  following  expression: 
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For  exat-ple,  if  a  transistor  with  Rj_c  -  1.7S*C/watt  dissipates  50  vattai 
’hen,  the  maximum  allowable  caste  temperature  will  be 
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Hoat  of  the  high-power  components  are  designed  for  bolting  to  a 
heat  sink.  The  thermal  resistance  f roe  the  caae  to  the  heat  aink  in¬ 
cludes  the  joint  thermal  reaiatance  and  insulation  t)~irnal  resistance  if 
an  insulator  ia  used.  Insertion  of  soft  materials  and  application  of 
silicone  grease  at  ssounting  surfaces  will  replace  air  and  reduce  the 
need  for  perfectly  flat  and  smooth  surfaces.  The  thermal  interface  in 
the  heat-flow  path  from  the  comjx>nent  case  to  the  heat  sink  is  a  signif¬ 
icant  parameter  in  the  analysis  of  conduction  cooling  of  electronic 
devices.  For  a  more  complex  joint,  it  is  almost  always  necessary  to 
make  the  evaluation  experimentally  or  search  for  a  similar  situation  in 
the  literature. 
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SECTION  V 

CONVECTION  HEAT  TRANSFER 
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where  C  is  Approximately  0.033  for  an  aspect  ratio  of  10  to  1,  0.046  for 
an  aspect  ratio  of  5  to  1,  and  0.057  for  an  aspect  ratio  of  1:1.  It  can 
be  seen  that  the  aspect  ratio  has  effect  upor  the  entrance  length.  The 
lower  aspect  ratio  ducts  require  greater  length  for  the  establishncnt  of 
fully-developed  flow.  It  is  important  to  note  that  the  critical  Rey¬ 
nolds  number  is  affected  by  the  entrance  manifold  configuration.  This 
also  has  been  found  from  experiments  performed  under  this  study.  Levy 
ot  al  (Ref  10)  found  that,  for  a  rectangular  duct  with  an  aspect  ratio 
of  25  to  1,  the  combined  thermal  and  hydraulic  entry  length  to  diameter 
ratio  was  55  to  05  diameters,  in  contrast  to  circular  tube  values  on  the 
order  of  15  diameters.  The  reference  also  notes  that  at  high  Reynolds 
numbers  (approximately  Re  -  24000),  the  flow  does  not  become  fully  de¬ 
veloped,  oven  at  an  L/Dj,  ratio  of  114.  Numerous  experiments  with  flow 
in  noncircular  ducts  prove  that  thermal  entry  regions  arc  much  longer 
than  those  in  circular  tubes. 


It  should  be  further  noted  that  for  duct  shapes  with  sharp  corners, 
the  local  heat-transfer  coefficient  varies  aronnd  the  periphery  of  the 
duct  and  a|»proaches  zero  at  the  corners.  Assumption  is  also  generally 
made  that  the  heat-transfer  coefficient  is  constant  along  the  length  of 
the  fin.  Some  investigators,  however,  have  shown  that  this  is  not  true 
for  all  conditions.  Reference  10  indicates  that  the  local  heat-transfer 
coefficient  around  the  tube  wall  can  vary  from  0.1  of  the  average  value 
to  over  2  times  the  average  value.  The  assumption  of  a  constant  heat- 
transfer  coefficient  along  the  lcnqth  of  the  fin  can  be  made  only  under 
conditions  when  the  fins  are  highly  effective  (temperature  is  almost 
uniform  and  equal  to  the  plate  temperature) . 

The  basic  equation  for  convection  heat  transfer  is 
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on  the  heat  flux  |>er  unit  area  of  the  wall 
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Tnlrl  f!  tLZL***  ^"Tr-ture'  th.  cooling  fluid  temperature, 

and  «i  is  defined  as  the  heat-transferrate  divided  by  the  tew- 

perature  difference  causing  the  heat  transfer.  Since  the  heat  flux  is 
ften  variable  over  the  surface  area,  the  heat-transfer  coefficient  also 

*"  !!d°Ver,^  l0C*‘  ValUC  °r  h-  “»'•»«.,  can  L  L 

pressed  as  follows: 
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a i«.T^af0r°*d"C0nV?CtfOn  h**t'tran8fcr  coefficients  depend  on  flow  re¬ 
gimes  and  can  vary  within  a  very  wide  range,  for  example,  with  gases,  h 
can  range  from  approximately  2  to  50  Btu/hr  ft1  *F.  * 

In  order  to  correlate  experi mental  data,  the  well  known  Nussclt 
expression  can  be  used: 
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*'r  •  is  the  Prandt 1  number 


C  is  a  dimensionless  constant,  m  and  n  are  ex,-onents  the  values  of  which 
fow  Ciff  configuration  and  the  degree  of  turbulence  of  the  coolant 
flow  D,ffercnt  values  of  C  and  n  have  also  been  found  for  heating  and 
ool.ng  of  liquids  in  tubes.  Experiments  have  slwwn  that  the  Mussel  t 
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Figaro  3.  Flow  Over  a  Flat  Plate 


Consider  firat  tha  simplest  caaa:  flow  over  a  flat  plate  as  shown 
in  Figure  3.  Under  laaiinar  flow  conditions.  Reference  11  gives  the 
following  expression  for  the  local  heat-transfer  coefficient: 
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and  the  average  heat-transfer  coefficient  is 
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Nu  -  0.664  (Re)  1/2  (Pr)  1/1 
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All  the  results  are  valid  for  Pr  greater  than  0.5  and  uniform  tempera¬ 
ture  of  the  plate. 

For  laminar  flow  inside  smooth  tubes,  under  fully-developed  ve¬ 
locity  and  temperature  profiles  and  constant  heat  rate.  Reference  9 
gives  the  following  expression: 
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and  for  constant  surface  temperature 
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.  ieder  and  Tate  (Ref  12)  suggest  the  following  empirical  equation  for 
both  cooling  and  heating  of  viscous  liquids  at  laminar  flow: 


Nu  ■  1.86 
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The  fluid  properties  should  be  evaluated  at  the  arithmetic  mean  bulk 
temperature  where  p*  is  the  absolute  viscosity  at  surface  temperature. 
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For  moderate  temperature  differences  between  the  wall  and  coolant,  the 
term  (U/Uw) '  *  IH  approaches  unity,  and 
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Reference  13  recoevtcnds  the  following  empirical  expression  developed  by 
Hausen: 
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The  equation  gives  the  average  Nusselt  number  for  uniform  wall  tempera¬ 
ture  and  fully-developed  flow. 

For  the  transition  region  (Reynolds  numbers  from  2100  to  10,000) 
the  Nusselt  type  equation  based  on  the  work  of  Hausen  is: 
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Although  laminar  flow  has  advantages  as  far  as  pressure  drop, 
acoustic  noise,  and  power  rcuqiret tents  are  concerned,  turbulent  flow  is 
desired  because  of  much  higher  heat-transfer  coefficients.  This  is 
particularly  true  for  air  cooling.  For  air  cooling.  Reference  14  rec¬ 
ommends  Reynolds  numbers  within  the  range  from  2000  to  4000  and  higher. 
The  upper  limit  of  Reynolds  number  is  dictated  by  pressure  drop,  power 
requiremer ts,  and  acoustic  noise. 

One  of  the  earliest  equations  used  for  fully-developed  turbulent 
flow  in  a  smooth  tube  is  the  so  called  Dittus  -  Boelter  equation,  modi¬ 
fied  and  recommended  by  McAdams  as  follows: 


Nu  •  0.023  (Re)®.-*  (Pr)®-''  (21) 
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^g~"  Tl  T  exPerinental  covering  the  Prandtl  number 

9.  f  *  to  120'  Rey'wld*  numbers  from  10,000  to  120,000,  and  L/D 
greater  than  60.  This  equation  i.  also  used  for  Re  greater  Jhln" 300 

For  shorter  channels  where  the  entrance  effects  must  be  considered 


Nu  -  0.036  (Re)6-*  (Pr) *  5  (D/L)6*0!s 


(22) 


tmpor*tur«  <HM*wmee  between  the  fluid  end  well,  Refer¬ 
ence  11  auggc.t.  the  following  equetion  to  correlate  exper  ImentaTdata : 


Nu  -  0.020  (Re) °* 1  (pr) 6 • 4 
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This  equation  is  valid  for  Re  greater  than  10,000  and  t yt{  up  to  3.55. 

In  ***  entrance  region  of  round  tubes  where  the  flow  is  develooina 

the  measured  experimental  magnitudes  of  h  are  much  greater  than  in  the9’ 
fully-developed  flow  reaion  rr»»-  a.,  .  y  cater  cnan  in  the 

following  expression; rC9*°n"  Correl*ting  data,  McAdams  suggests  the 
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R;  “n«c  °f  26'°°°  “  56,000.  experimental  data  for  air  with  a 
bell-mouthed  entrance  waa  correlated  with  C  -  1.4  and  n  -  1  with  n. 

greater  than  10  000.  the  entrance  effect,  are  Umlwd  u>  tie  reglon^f 
/  lea*  than  20.  In  addition,  the  entrance  effect  varies  with  the  tvre 
of  entrance,  sharp-edged  entrance,  bell-mouth >d  entrance,  etc.  ^ 

For  rectangular  tubes  and  ducts  the  Nusselt  number  is  defined  as: 
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where 


D  »  4  1-122—21-. —  (hydraulic  diameter) 

h  Perimeter 


The  transition  Reynolds  number  ((JC^p/p)  is  found  to  be  approximately 
2300,  the  same  as  for  circular  ducts.  Rrferenco  9  presents  values  of 
Nusseit  numbers  for  ducts  of  various  cross  sections  and  aspect  ratios 
for  fully-developed  velocity  and  temperature  profiles. 

It  can  be  generally  assumed  that  for  square,  rectangular,  and 
other  shapes  which  arc  not  drastically  different  from  circular  tubes, 
the  developed  equations  can  be  used  if  the  diameter,  D,  is  replaced 
by  the  equivalent  or  hydraulic  diameter,  D^.  In  accordance  with 
Reference  9,  for  such  passages,  the  velocity  and  temperature  profiles 
can  bo  assumed  to  be  developed  within  a  distance  of  L/D  ■  30  from  the 
entrance.  Passages  of  complicated  shape  or  with  high  aspect  ratios 
require  special  relations.  For  duct  shapes  with  sharp  corners 
(squares  or  rectangulars) ,  the  local  heat-transfer  coefficient  varies 
around  the  periphery  and  approaches  zero  at  the  corners.  It  has  also 
been  fou.id  that  a  significant  difference  in  heat-transfer  coefficients 
occurs  between  the  heated  and  unheated  duct  walls.  This  condition  is 
shown  and  discussed  in  more  detail  in  Section  X.  Reference  15  points 
out  that  for  practical  applications  the  assumption  of  a  uniform  heat- 
transfer  coefficient  is  unrealistic.  The  reference  presents  the 
following  expression  for  the  heat-transfer  coefficient  expressed  as  a 
function  of  the  distance  x  from  the  fin  base: 
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with  linear  increase  in  h,  Y  ■  1 
with  parabolic  increase  in  h,  \  ■  2 

Information  about  the  nonuniform  htat-transfer  coefficients  along  ex¬ 
tended  surfaces,  however,  is  limited 

Generally,  in  heat-transfer  equipment,  high  air  velocity  can 
cause  objectionable  noise,  depending  on  the  plate  and  fin  or  tube  and 
fin  ai  ranqcmcnt.  If  objectionable  noise  develops,  its  effect  can  be 
reduced  with  sound  absorbers.  Increased  air  velocity  increases  the 
heat-transfer  coefficient,  but  also  increases  the  required  blower 
power.  It  is  generally  rccounonded  that  heat  exchangers  be  designed 
for  a  maximum  air  velocity  of  800  to  900  ft/min,  unless  stringent 


apace  requirements  outweigh  the  objection,  mentioned  above.  Turbu¬ 
lent,  rather  than  laminar,  air  flow  i.  de.ired  because  turbulence 
heat  flow?  *  ”  boundarV  laVer  and  reduced  thermal  resistance  to 

The  general  equation,  presented  in  heat-transfer  text  and  hand- 
books  have  rigorous  application,  only  when  «  hydrodynamic  starting 

b^fori  heater ld°f  80  ^  ***  ’el°clty  P rof,le  A«  fully  developed 
before  heat  transfer  starts.  Such  condition.,  how*ver.  are  rarely 

encountered  in  actual  heat-tran.f.r  equipment.  The  standard  solu¬ 
tion.  are,  however,  excellent  approximations  for  fluids  whose  Prarltl 
r^r.  .re  hl,h  r.l.tlv.  to  o„c  (1,.  Hefertoc.  9  „ve.  STfon^  V 
ing  expression  for  determining  distance  for  fully-developed  flow: 


Fu '  1  y  dev . 


*  0.05  (Re)  (pr) 


furthermore,  the  literature  cover,  two  general  boundary  condi¬ 
tions:  (1)  a  constant  heat  rate  per  unit  of  tube  or  duct  length  and 

(2)  a  constant  surface  temperature.  The  constant  heat-rate  Nussolt 
number  is  always  greater  than  the  constant  surface-temperature  Nussclt 
number.  However,  neither  of  the  above  conditions  oc^Hn  IctuaT 
electronic-equipment  cooling  apparatus,  particularly  in  cold  plates. 

a.  Heat  Transfer  Fluids 

Hoth  liquids  and  gases  are  extensively  used  in  cooling  of  elec¬ 
tronic  equipment.  Dccauso  of  their  better  thermophysical  properties, 
liquid  coolants  arc  generally  used  for  high  packaging  densities  and 
high  heat-generation  rates.  For  equipment  of  low-power  generation 
rat*,  and  packaging  densities,  air  is  one  of  the  most  desirable  cool- 
bccause  of  its  availability,  low  cost,  safety,  and  dielectric 
properties.  On  the  negative  side,  however,  air  has  the  poorest  hrat- 
transfer  properties  of  n y  of  tho  standard  coolants.  It  also  can 
generate  significant  amount,  of  acoustical  noise  at  high  flow  veloci- 

L.t'L  "ydr0g®n  l*  by  far  th0  efficient  of  the  gaseous  coolants, 

but  because  of  safety  considerations  it  is  not  recownended.  Helium, 
he  freons,  and  carbon  dioxide  are  all  generally  superior  to  air. 

in  sJ[fin„9?K  °thofJthan  air  is  uaod  «■  a  coolant,  care  must  be  taken 
in  sealing  the  cooling  system  to  prevent  leakage.  Consideration  must 

also  be  given  to  the  expansion  of  the  gas  because  of  its  temperature 
me  caused  by  tho  electronic  equipment.  Table  4,  adopted  from  Ref¬ 
erence  16,  presents  properties  of  gaseous  coolants  at  standard  pressure 
and  temperature  conditions. 
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The  gaseous  cooling  techniques  are  applied  to  both  direct  and 
indirect  cooling  of  electronic  equipment.  The  indirect  system,  how¬ 
ever,  is  preferred  because  it  eliminates  contamination  of  the  equip¬ 
ment.  Since  air  as  a  coolant  has  been  extensively  used  for  both  direct 
and  indirect  cooling,  its  applications  are  not  further  discussed.  Con¬ 
sideration  is  given  to  liquid  coolants  only. 

In  the  case  of  indirect  liquid  cooling,  the  two  major  factors  that 
determine  whether  or  not  a  coolant  is  suitable  for  indirect  cooling 
are:  (1)  its  corrosive  tendencies  and  (2)  thermal  properties.  The 

dielectric  properties,  which  are  important  in  direct  cooling,  are  not 
important  in  indirect  cooling.  This  cooling  technique,  if  properly 
accomplished,  minimizes  the  flow  rate  and  pumping  power  requirements, 
besides  improving  accessibility  and  component  mounting  flexibility. 


Table  4.  Relative  Heat  Transfer  Coefficients  of  Gases  in 
Forced  Convection  at  Equal  Fan  Horsepower 


COOLING  GAS 

RELATIVE 

DENSITY 

RELATIVE  CONVECTION 
COEFFICIENT  OF  HEAT 

TRANSFER 

Air  at  1  atm 

1 

1.00 

Air  at  2  atm 

2 

1.38 

SFg  -  1  atm 

5 

1.51 

SFg  -  2  atm 

10 

2.17 

HI  -  1  atm 

0.13 

1.79 

HI  -  2  atm 

0.27 

2.57 

FC  -  75  vapor  1  atm 

14 

2.48 

FC  -  75  vapor  2  atm 

29 

3.66 

There  are  a  number  of  factors  which  must  be  considered  when  choos¬ 
ing  a  coolant  from  the  large  number  available.  A  liquid  may  be  accept¬ 
able  in  some  respects,  but  deficient  in  others.  Reference  17  points 
out  the  following  properties  which  must  be  considered  in  selecting  a 
proper  coolant: 

(1)  Toxity:  Coolants  should  not  be  used  that  are  dangerous  to 
the  personnel  operating  the  aircraft  or  ground  equipment. 

(2)  Flammability:  Coolants  that  are  flammable  within  operating 
and  maintenance  environmental  extremes  should  not  be  con¬ 
sidered. 

(3)  Flash  Point:  A  coolant  should  not  be  used  which  has  a  flash 
point  lower  than  the  highest  temperature  it  will  contact  dur¬ 
ing  normal  use  or  due  to  leakage. 


(4)  Vapor  Pressure:  The  vapor  pressure  must  be  sufficiently  high 
at  pperating  temperatures  to  prevent  boiling  within  the  cool¬ 
ing  system  and  pump  caviation.  Local  boiling  at  the  cold 
plate  can  generate  a  blanket  of  vapor  on  the  surface  causing 
temperature  rise. 

(5)  Pour  and  Freezing  Points:  As  the  temperature  is  lowered, 
most  coolants  become  more  viscous.  The  temperature  at  which 
the  fluid  will  just  begin  to  pour  is  defined  as  the  pour 
point.  Fluids  such  as  water  do  not  have  a  pour  point;  thus, 
only  the  freezing  point  must  be  considered.  The  pour  and 
freezing  points  define  the  lower  end  of  the  useful  coolant 
operating  range.  As  the  pour  point  is  approached,  the  power 
required  to  pump  the  fluid  is  increased  and  heat-transfer 
effectiveness  is  decreased. 

(6)  Thermal  Decomposition:  Many  coolants  decompose  at  high  tem¬ 
peratures  in  the  presence  of  trapped  air  and  as  a  result  of 
the  catalytic  action  of  other  compounds  within  the  system. 

Some  fluids  may  have  to  be  purified  and  deionized  to  prevent 
thermal  decomposition. 

(7)  Dielectric  Strength:  Dielectric  strength  will  not  normally 
be  important  in  indirect  forced  convection  cooling  systems. 
Only  if  the  coolant  should  contact  the  components  would  the 
dielectric  properties  become  important. 

(8)  Effects  of  Moisture:  Moisture  can  affect  coolants  in  three 
ways.  These  are:  (1)  degradation  of  dielectric  properties, 

(2)  enhanced  hydrolysis,  and  (3)  formation  of  acids  and  salts 
which  cause  corrosion.  Many  coolants  have  an  affinity  for 
moisture. 

(9)  Compatibility  and  Inertness:  Coolants  should  be  selected 
which  are  chemically  compatible  with  the  materials  which  they 
will  contact  within  the  cooling  loop  or  from  leakage.  Par¬ 
ticular  attention  should  be  paid  to  the  selection  of  seals, 
gaskets,  and  adhesives  used  in  the  cooling  system. 

(10)  Surface  Tension:  A  coolant  with  a  low  value  of  surface  ten¬ 
sion  will  wet  the  heat-transfer  surfaces  to  a  greater  degree, 
thus  enhancing  the  heat  transfer  effectiveness.  However,  a 
low  surface  tension  is  more  likely  to  cause  leakage  problems. 

(11)  Thermal  Expansion:  The  thermal  expansion  of  the  coolant 
should  be  considered  when  designing  a  closed  cooling  system. 

The  cooling  system  should  be  provided  with  an  adequate  ex¬ 
pansion  tank. 
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(12)  llcat  Transfer  Properties  and  Figure  of  Merits  Properties 

which  directly  affect  the  heat-transfer  effectiveness  of  the 
coolant  ere  specific  heat,  viscosity,  thermal  conductivity, 
and  density.  It  is  desired  that  the  fluid  exhibit  a  high 
specific  heat,  because  it  is  proportional  to  the  ability  of 
the  coolant  to  store  heat.  The  thermal  conductivity  defines 
the  ability  of  the  coolant  to  transfer  heat  by  conduction  and 
should  be  high.  The  fluid  viscosity  increases  pumping  power 
and  reduces  the  heat-transfer  effectiveness  and,  therefore, 
should  be  low.  Fluid  density  could  have  good  and  bad  effects. 

A  large  number  of  compounds  could  be  considered  for  use  aw  cool¬ 
ants.  Most  of  these  are  organic  compounds.  The  compounds  which  apj>ear 
to  be  best  suited  for  electronic-cooling  applications  are  the  silicons, 
fluorir.ated  organics,  and  the  ethylene  -  glycol-water  solution.  The 
silicone  are  best  suited  for  use  when  extended  temperature  ranges  and 
dielectric  properties  are  required. 

When  a  fluid  is  selected  on  the  basis  of  heat  transfer,  a  useful 
figure  of  merit,  hpt,  given  by  Reference  18  can  be  used. 


'rt  1  (28) 

where  p  *  density,  gm/cmJ 

Cp  ■  specific  heat,  cal/gm°C 
k  ■  thermal  conductivity,  cal/3ec  cm7  ®C 
p  ■  coefficient  of  viscosity,  poise 

High  values  of  the  figure  of  merit  are  desirable  because  such  coolants 
require  the  least  amount  of  power,  while  absorbing  the  largest  amount 
of  heat. 


Table  5,  adapted  from  Reference  17,  presents  thermal  properties 
from  selected  coolants. 


Figure  4,  adapted  from  Reference  18,  shows  the  heat-transfer 
figure  of  merit  for  the  coolants  indicated. 

Figures  5  and  6,  adapted  from  Reference  19,  compare  the  pumping 
power  to  hoat-transfor  conductance  ratio  for  gases  and  liquids,  re¬ 
spectively,  in  laminar  and  turbulent  flow.  The  X  and  Y  parameters 
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Table  5.  Thermal  Properties  of  Coolants  (Ref  17) 
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TEMPERATURE  (°F) 


Figure  4.  Heat-Tran»fcr  Figure  of  Merit  (Ref  IB) 
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Figure  b.  Coepar ison  of  Gaseous  Coolants  on  the  Basis  of  P\»pinq 
rower  and  Heat  Transfer  (Ref  19) 
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SECTION  VI 

CONDUCTION  HEAT  TRANSFER 


Heat,  generated  by  electronic  or  electrical  equipment,  can  be  ex¬ 
tracted  and  r ©moved  by  tvo  general  methods:  (1)  conducting  the  heat 
along  metallic  or  other  paths  to  an  external  heat  sink,  and  (2)  trans¬ 
ferring  the  heat  to  moving  gases  or  liquids.  Conduction  and  radiative 
cooling  have  been  studied  for  missiles  and  spacecraft  operating  under 
reduced  pressure  or  complete  vacuum  conditions.  Conductive,  or  a  com¬ 
bination  of  conductive  and  convective  cooling,  is  mainlv  applicable  to 
aircraft  electronics  equipment.  Various  types  of  electronic  cosiponents 
(particularly  solid  state)  are  excellent  for  conductive  cooling.  Not 
only  individual  components,  but  also  subassemblies  mounted  in  sealed 
cases  to  simplify  radio  frequency  interference  protection  and  avoid  air¬ 
borne  moisture  and  dust,  must  be  cooled  by  conduction  or  conduction  com¬ 
bined  with  other  modes  of  heat  transfer. 

a.  Interface  Thermal  Conductance 

Predicting  heat  transfer  and  temperature  distribution  within  a 
solid  body  does  not  provide  any  great  difficulties.  The  difficulties 
will  be  experienced  when  the  heat-flow  path  is  interrupted  by  some  kind 
of  mounting  joint.  Such  joints  can  be  formed  between  the  component 
and/or  subassembly  and  the  mounting-base  heat  sink.  Prediction  of  the 
temperature  drop  across  a  joint  causes  difficulties  which  are  usually 
overcome  by  determining  the  joint  thermal  performance  experimentally. 
This  method,  however,  is  not  very  practical.  In  thermal  control  system 
design  and  analysis,  it  is  of  great  importance  to  determine  the  tempera¬ 
ture  distribution  ar.d  heat  transfer  rates.  To  do  this  successfully, 
some  reasonable  conductance/resistance  data  must  be  obtained  for  use  in 
the  preliminary  analysis.  Two  general  approaches  can  be  used  to  satisfy 
this  requirement*  (1)  using  available  experimental  data  found  in  pub¬ 
lished  literature,  and  (2)  using  developed  analytical  techniques  which 
can  be  applied  to  certain  types  of  joints.  Some  of  the  simplified  ana¬ 
lytical  techniques  are  outlined,  and  also  some  oxperiattntal  data  are 
presented. 

The  parameters  that  control  the  thermal  resistance  across  a  joint 
include  surface  flatness,  roughness,  hardness,  thermal  conductance  of 
the  materials  making  up  the  joint,  and  contact  pressure.  Other  items 
such  as  temperature,  interstitial  fluid  and  its  pressure,  etc  also 
contribute.  The  interface  thermal  conductance  is  a  function  of  the  ef¬ 
fective  contact  area,  which  is  made  up  of  many  small  contact  areas. 

With  increased  pressure,  the  area  of  each  contact  point  increases,  but 
also  the  number  of  points  in  contact  increases.  The  8K>dcs  of  heat 
transfer  for  consideration  are:  (1)  conduction  through  the  direct  con¬ 
tact  aroa,  (2)  gaseous,  molecular,  or  other  conduction  through  the 
interstitial  fluid  or  filler,  and  (3)  thermal  radiation. 
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The  heat-transfer  rate  across  the  interface  of 
exprc^ed  by  the  following  equation i 


a  joint  can  be 


Q  -  AC  (At) 

and  the  contact  conductance  ia  defined  aa 


(29) 


c  -  -2_ — 
A  (At) 


(29a) 


where  Q  -  heat  tranafer  rate,  Dtu/hr 

A  »  total  area  of  interface,  ft* 
c  “  thermal  conductance  of  joint,  Btu/hr  ft2oF 
At  -  temperature  differential  across  the  joint,  At  -  t  -  t  , 

i  t' 


As  an  example,  conaider  a  plane  wall  made  up  of  two  sheeta  of  simi 
lar  material  aa  shown  in  Figurj  7a  and  b 


Figure  7.  CoiapoBite  Wall 


When  the  interface  thermal  resistance  (Figure  7a)  i 
heat  flow  through  the  wall  can  be  expressed  as  follows: 


«  neglected. 


(30) 


Q 


a 


t  J  and  Q, 


t  j  ,  Btu/hr 


(31) 


Next,  when  the  resistance  of  the  interface  is  considered,  the  fol¬ 
lowing  is  developed: 


«i  ■ AC  (',  -  S') 


(32) 


Consequently,  heat  flow  across  the  composite  wall  can  be  expressed 
as  follows: 


(33) 


Predicting  heat  transfer  and  temperature  distribution  across  such  a  com¬ 
posite  wall  is  complicated  by  the  interface  formed  between  the  two 
sheets.  Heat  transfer  across  the  contact  area  of  such  a  joint  can  be 
considered  as  consisting  of  two  components  or  conduction  paths  as  shown 
in  Figure  8. 


Figure  8.  Heat  Flow  Across  the  Interface 


of  Lhe  contact  area,  therefore,  can  be  expressed  as 


C  ♦  C, 
c  f 


(34) 


where 


Cc  *  direct  contact  conductance,  Btu/hr  ft2  °F 
Cf  ■  gap  conductance,  Btu/hr  ft2  °F 


Convection  and  radiation  also  take  part  in  the  heat  transfer  process. 
far^H  of  the  ';raa11  temperature  difference  across  the  inter- 

Sr  c"  b."“igl^.b°th  radiati°n  ^  C°nTCCti0n  <>‘  »-«  trar,s- 

_  rf,^dCr  Wherc  only  limitcd  information  about  interface 

surface  conditions  is  available,  the  following  expression,  given  in 

Reference  20,  can  be  used  for  determining  thermal  conductance  across  the 
area  ot  contacts 


C  +  C, 
c  f 


1.56  kf 

+  nak 

1  ♦  iu  m 


(35) 


k 

m 


2k  k 

- 1 _ L 

k  >  k 

l  2 


(36) 


When  joints  arc  made  of  the  same  materials,  conductivity  k  -  k  and 

>  ’  *•  Thc  root  10030  square  (RMS)  values  of  surface  irregularity 
(roughness  plus  waviness)  are  ia  and  ib,  for  surfaces  a  and  b  respec- 


kf  -  thermal  conductivity  of  thc  interstitial  fluid,  Btu/hr 
ft  F/ft 

a  -  average  radius  of  contact  points 
n  ■  number  of  contact  points  per  unit  area 
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Conduction  heat  transfer  across  a  gap  can  be  determined  from  the  fol¬ 
lowing  expression: 


C 


f 


(37) 


where  6  •  average  gap  thickness,  ft. 


Figures  9  and  10,  adapted  from  Reference  21,  can  be  used  for  de¬ 
termining  average  surface  irregularity  (based  on  known  RMS  surface 
roughness)  and  na  values  when  the  contact  pressure  is  known.  The  RMS 
surface  roughness  can  be  measured,  or  approximate  values  obtained,  when 
the  particular  machining  process  is  known.  The  use  of  Figure  10  re¬ 
quires  knowledge  about  interface  contact  pressure.  Before  this  is  de¬ 
termined,  stress  analysis  must  be  performed.  Reference  22  recommends  an 
approximate  equation  for  determining  the  required  torque  to  turn  the  nut 
for  standard  threads  with  a  60-degree  angle  and  coefficient  of  friction 
of  0.15. 


T  ■  0.2DF 


(38) 


When  torque  is  known  the  axial-bolt  tensile  force  can  be  determined 
from  the  following  equation: 


F 


_T _ 

0. 2D 


(39) 


where  F  ■  induced  axial  force,  lbs 
D  ■  bolt  diameter,  in. 

T  ■  torque,  in- lbs 

An  approximate  stress  distribution  of  a  plate  in  a  bolted  joint  is  shown 
in  Figure  11. 


36 


5 


15 


10 

AVERAGE  SURFACE  IRREGULARITY  l 
1T.H.S.  SURFACE  ROOSfttSS  *  T 


Figure  9.  Ratio  of  Average  Surface  Irregularity  to  RMS  Surface 
Roughness  vs  RMS  Surface  Roughness 
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1/INCHES 


Figure  11.  Stress  Distribution  m  a  Bolted  Joint 


Using  the  stress  distribution  parameters  presented  in  Reference  23,  we 
can  find  rj  and  also  the  average  interface  pressure  as  follows: 


0 


i 


(40) 


A 

1 


(41) 


If  the  ratio  of  r^/b  is  Known,  r^  can  be  found  from  Figure  12. 


After  all  the  necessary  data  is  substituted  into  equation  35,  the 
inferfare  conductance  across  the  contact  area  can  be  determined.  The 
total  interface  area  of  a  bolted  joint,  however,  will  consist  of  a 
direct  contact  area  and  a  gap  area.  Figure  13  shows  a  bolted  joint  with 
the  area  where  both  plates  are  in  direct  contact  with  each  other.  This 
area  will  depend  upon  the  bolt  torque,  head  size  of  the  bolt,  thickness 
and  rigidity  of  the  plates,  and  will  usually  be  quite  small.  After  a 
certain  distance  r  from  the  center  of  the  bolt,  the  plates,  because  of 
deflection  caused  by  the  force,  separate  from  each  other  and  a  qap 
results. 

Conductance  across  the  contact  area  can  bo  determined  from  the  pro¬ 
cedure  outlined  above.  The  next  step  is  to  determine  conductance  across 
the  area  where  the  plates  have  separated.  As  previously  indicated, 
thermal  conductance  across  the  >ap  can  be  determined  from  equation  37. 


12  3  4 

RATIO  rh/b 


Lieb's  Interface  Stress  Distribution 
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CONTACT  AREA 


Figure  13.  Bolted  Joint 
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To  determine  this,  we  must  know  the  thickness  of  the  gap.  Reference  23 
presents  a  simplified  analytical  technique  for  determining  plate  deflec¬ 
tion,  w,  as  a  function  of  radius  for  two  different  plate  end  conditions. 
Deflections  of  each  of  the  end  conditions  are  given  as  follows: 

(1)  Plate  with  free  ends: 


* 


(2)  Plate  with  restrained  ends: 


Clo  ri 
16D 


m  ♦  4 


io 


(43) 


where  D  is  the  flexural  rigidity 


Kb1 

u  •  - —  (44) 

12(lV) 


(45) 


Stress  distribution  on  the  interface  planes  can  be  expressed  as 


42 


[■•  ft)  ■] 


Figure^f31**  ri/th‘  and  °io/ch  «re  plotted  as  functions  of  rh/b  in 


where 


b  -  plate  thickness,  in. 
U  -  Poissons  ratio 


°io  "  interface  stress  at  r  »  0,  psi 
°i  -  normal  stress  at  interface  plane,  psi 
nh  •  normal  stress  under  fastener  head,  psi 
ri  *  radius  at  point  of  zero  interface  stress,  in. 
rh  *  radius  of  fastener  head,  in. 
r,  R  *  radial  coordinate,  in. 

It  is  uraed  here  that  the  normal  stress,  oh,  exerted  by  the  bolt  head 

n.U?^°TH°VCr  tHe  entir*  Z°nC  Und°r  tho  hcad*  If  ***»  Plates  are  de¬ 
flected,  the  gap  will  be  twice  the  value  given  by  equations. 

Any  bolted  joint,  therefore,  can  be  divided  into  certain  areas 
ar  un  *ach  of  the  bolts,  and  each  of  these  areas  further  divided  into 
gap  area#*  thc  analytical  procedures  outlined  above, 

«  fon^8!  conductance  and/or  resistance  of  the  joint  can  be  determined 


c  -  c  ♦  c 

j  c  g 


R,  R  R 
j  c  g 


Figure  14  shows  schematically  the  resistance  network  of  a  joint. 
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Figure  14.  Resistance  Network  of  n  Joint 

where  R  -  — -L-  and  r  .  __L_ 
c  C  A  g  C  A 

c  c  *  g  g 

C£  -  conductance  across  contact  area,  Btu/hr  ft20F 

-  conduc  .ance  across  gap  area,  Btu/hr  ft2*F 

A  ■  contact  area,  ft2 
c 

Ag  ■  gap  area,  ft2 


There  is  another  item  of  consideration  in  determining  conductance 
of  any  type  of  mounting  joint.  This  is  the  thermal  resistance  of  the 
plate  or  plates  staking  up  the  joint.  In  any  bolted  joint  (particularly 
with  thin  plates),  the  contact  area  around  the  bolt (a)  where  most  of  the 
heat  flow  takes  place  is  small  and  most  part  of  the  heat  flow;  there¬ 
fore,  will  be  concentrated  around  these  areas,  sometiises  causing  a 
significant  temperature  drop. 

Figure  15  shows  a  resistance  network  of  a  joint  with  plate  resis¬ 
tances  included. 


R 

C 


Figure  15.  Resistance  Network  of  a  Joint  and  Plates 
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The  total  resistance  can  be  expressed  as 


P  -  k  ♦  R*  ♦  R 
l  j  2 


(49) 


where  R.  and  R 


,  ana  r2  are  resistances  of  the  plates  if  two  plates  are  present 

^"a  r!di!l8d?Pl%?0ndifi0n  Wh0n  Heat  fr°“  th°  COntaet  aroa  ^ing  ' 
in  a  radia!  direction  along  a  disk  of  thickness,  6,  as  shown  in  Fig- 


Figure  16.  Radial  Heat  Flow  in  a  Disk 
Radial  heat  conduction  in  the  disk  can  be  expressed  as  follows* 


Q  ■  kS  2nr 


dt 

dr 


(50) 


Integrating  within  the  limits  r(  and  r,  yields 


0  ■ 


kd  2n 


t  -  t 
i  ? 


lnr  a  -  lnr 


(51) 


Under  conditions  when  computer  techniques  (R-c  networks)  are  used  for 
thermal  analysis,  it  is  convenient  to  have  a  simple  enr*«><nn  r 
heat  flow  through  a  cylindrical  body  or  disk  ofTthe  a^Lc  forT ** 

*  “*“•  «“•  «*•*».  -«.r.Luo„ VI  ln'“.,rf0“1lCrh 
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I 


(52) 


where  A i  and  A?  are  the  inside  and  outside  areas  respectively.  Heat 
flow  through  a  cylindrical  body  can  be  expressed  ass 


Q 


(53) 


when  the  radial  heat  flow  is  not  uniformly  distributed,  or  the  flow 
f"  takes  place  in  certain  directions  only,  the  flow  path  around  the  con¬ 

centrated  heat  load  can  be  divided  into  sections  and  the  thermal  re¬ 
sistance  determined  for  each  of  the  sections.  For  example,  consider  a 
section  of  a  cold  plate  (see  Figure  17)  with  attached  active  devices 
and  cooled  by  a  fluid  circulated  through  passages.  Heat  generated  by 
the  components  flows  to  the  cooling- fluid  passages.  The  heat  flow  and 
thermal  resistance,  under  such  conditions,  can  be  determined  by  a  graph¬ 
ical  method  known  as  the  flux  plot.  In  this  method,  each  of  the  heat- 
flow  channels  is  divided  into  a  member  of  curvilinear  squares  consisting 
of  heat-flow  lines  and  isothermal  lines.  The  lines  intersect  at  right 
angles,  and  there  is  no  heat  flow  in  the  direction  of  the  heat-flow 
lines. 
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thTllnV  HnOS  PrtSent  3  Channel  throu(*  *hich  h««t  flows  t< 


0  .  * 

*■  u 


•Sk  (*,-S) 


and  for  plate  thickness  6 


C-6Hk  (•',  -  S) 


Lotting  N/M  •  S  and  6sk  -  K 


■*  (‘.  -s) 


or,  introducing  thermal  resistance 


t  -  t 

'  *  ] 
— ’  R'J 


nZl  \l  rosi5t“"“  «"  «■*»"" 

Total  thermal  resistance  of  each  of  the  two  branches  can  be  expressed  as 


R  ,  •  R  , 

Pii  Pi; 

Rt  '  B  *  R 

pl.  pl, 
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C-pl  pi 


Figure  19.  Division  of  Piste  at  Concentrated  Heat  Loads 


For  a  more  complex  geometry,  unsymnetrical  loading,  or  when  the 
cold  plate  is  divided  into  nodes  for  computer  analysis,  sections  around 
the  concentrated  heat  loads  can  be  divided  into  segments  as  shown  in 
Figure  19. 


Figure  18.  Resistance  Network 


Heat  flow  along  a  conduction  path  can  be  expressed  as  follows: 


Q  -  -kA 


dt 

dr 


(59) 


Under  steady-state  conditions,  the  flow  rate  is  constant  and  the  above 
equation  can  be  rearranged  into  the  following  form: 


dt  dr 

Q  kA  (GO) 


Integrating  between  the  two  points  yields: 


where 


(61) 


At 

0 


R 


(62) 


and 


(63) 


The  heat  flow  area,  A(r),  varies  along  the  flow  path  and  can  be  ex 
pressed  as  follows: 


■'V 
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where  Q  is  expressed  in  radians 


A(r) 


7t 

180 


a  r  <5 


(65) 


here  a  is  expressed  in  degrees 
Substituting  the  value  of  A(r)  yields: 


R  « 


R 


ln 


(67) 


a  in  radians 


SECTION  VII 

HEAT  TRANSFER  FROM  FINNED  SURFACES 


Tl  rate  of  heat  transfer  from  a  component  and  its  supporting 

thpU«ddition  of°  *ink  C#n  fce  si9nif icantly  increased  by 

ho  addition  of  extended  surfaces  or  fins.  Determination  of  config- 

reqi  rem^nt.^rthe  B“rf*c*8  8hou^  be  based  cn  the  thermal 

-jui  rements  of  the  electronic  equipment  and  the  cooling  fluid  used. 

optlJL\!“*:;rLC”7*  %“ldC  ”n<,<’  °f  fin  «"“9or«lon..  including 
\  thermal  performance  prediction  techniques.  in  this 

report,  however,  only  the  basic  equations  are  presented  Also  P 

surface  application  to  cold  plate  design  is  discussed. 

-tonsider  first  a  simple  analytical  method  for  determining  tempera- 
n,rurc  h"t  tr*n“fer  fr°"  a  rectan9ul,r  fi„? 


(68) 


b-  1 


1-? 


«-a 


q 


I  -  2 


q 

»- 


j-a 


(69) 


q 


?- 1 


q 


j-a 


(70) 


where  the  conduction  terms  can  be  written  as 


q 


} 


(71) 


Assuming  an  average  temperature  of  the  node,  we  can  write  the  convection 
terms  as  follows: 


v.-h  (Ac )  (v*.) 


A  •  (Ax)  (Ay) 
c 


When  determining  the  areas  for  conduction  heat  transfer,  we  can  dis¬ 
tinguish  two  general  conditions. 

(1)  Convection  heat  transfer  from  one  side  only: 


Ak  *  6  (Ay) 


(74) 
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(2)  Convection  heat  transfer  frow  both  aides  of  fin 


substituting  the  rate  equations  inta  the  energy  equations  yields: 


2k\  \H-  ■  k\  *  “c  (',•'*) 
k\~Lsr~m  k\-Ts—  *  “e  (S  ■ s.)  > 
k\  \rx  ’  “c  (S  -  s.) 

> 


Multiplying  by  Ax/kA^  yields: 


\ 


hA  (Ax) 


t 


i 


hA  (Ax) 
c 


hA  (Ax) 

-  t  -  ~t -  (t  -  t  ) 

2  i  V  s  a  ) 


Lot 


hA  (Ax) 
c _ 

k\ 


D 


to  obtain  the  following: 


(82) 


(83) 


(84) 
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2 


t  -  t 


■  .)  ■  (S  • ',)  • 0  (',  - '.)  > 


(85) 


r"*taJr  *2*22"  °'  th'  th”  he*t  «*»r.tUr., 

th.k22l  t«r.r«lor.1,  t  t  .  and  t  ,  c.n  b.  computed 

rro*  th*  three  on«rgy  equation*.  *  1  l  ~ 

foil  T?*  H*at  diVip*tlon  rtt®  tTom  th«  fi«  can  b*  computed  by  the 
following  expression i  y 


o  ■  '•*»  (*„  -  t.) 

where  n  is  th©  fin  efficiency. 

Ktforonc*  25  gives  the  following  expression  for  rji 


(87) 


1/2  t  ♦  t  ♦  t  ♦  1/2  t 

t  -  - 2 - » _ * _ _« 

avg  3 


(88) 


where  taVg  i*  the  average  toisperature  of  the  fin. 
the  temperature  distribution  along  a  fin. 


Figure  21  illustrates 
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Figure  21.  Temperature  Distribution  Along  a  Fin 


The  efficiency  of  a  flat,  constant-cross-section  fin  with  negli¬ 
gible  heat  transfer  from  the  end  can  be  determined  from  the  equation 
widely  used  in  heat  exchanger  design t 


n 


tanh  (mi.) 
'  ’  ml. 


(89) 


where 


m  • 


(90) 


•Hie  above  equations  apply  for  thin  sheet  fins. 

For  fin  efficiency  greater  than  n  ■  0.75,  Reference  26  presents  the 
following  expression! 


n 


_ l _ 

1  ♦  1/3  (mL)"5 


(91) 


From  solutions  of  differential  equations,  we  can  determine  the 
temperature  distribution  along  a  rectangular  fin  from  the  following 
expression: 


56 


(92) 


Q  ■  0  ®  ( L* x ) 

I  Cosh  (mL) 


where 


0  •  t  -  t 
x  a 


t 

a 


Neglecting  heat  dissipation  from  the  end  of  the  fin, 
flow  through  the  bate  of  the  fin  ax  follow.! 


we  can  express  heat 


Q  -  k5  L  m  0  tanh  (mL) 
•  o 


(93) 


rating 9/n**  23  and  24  Pre»*nt  fin  ficiency  n  and  temperature  excess 
ratio  0./0  respectively  a.  a  fusion  of  the  fin  performance  factor  mL 
for  longitudinal  fins  having  rectangular  cross  section. 

and  *!/°r  th*  lon9itudin*l  fin,  the  temperature  distribution 

Figu«  2*di  iP  i0n  r*tC  C*n  **  dotor*in«d  for  •  radial  fin.  Refer  to 


0 


Figure  23.  Lfficiency  of  Lonq 


0 


1.0 


2.0  nt 


Figure  24.  Temperature  Excess  Ratio  of  Longitudinal  Fins 
of  Rectangular  Profile 


i 
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The  energy  balance  equation*  can  be  derived  for  each  of  the  concentric 
rings  as  follows: 


where 


I  *  q  *  q 


q  ■  q  q  V 

1-2  M2_s  Hi- a  > 


q  •  q 
2-s  3-a 


(94) 


”  kA, 


t.  -  t 

_ L 

mi  r  -  r 
i  • 


(95) 


A  -  A 
J - ft 


ml  “  In  ^A/A  ^  '  A,  *  2v  r^>  »  2ti  r^6 


(96) 


Va 


M  h  /t 

»  V  > 


(97) 


AA  -  2 


(snr.) 


Ar 


(98) 


1-2 


•  kA 


m2 


t 

r 

2 


t 

r 


(99) 


*2 -a 


AA  h 
2 


(100) 


(101) 


t  -  t 

q  ■  kA  — - 1 

2- j  rai  r  -  r 

J  2 


-&A  h  (  t  -  t  \ 

“•  >  V  >  a  / 


(102) 


Substituting  the  rate  equations  into  the  energy  equations  yields: 

\ 

*  -  t  -  t 

kA_,  r* - -*■  *  kA  — * - -  -t-  AA  h  ( t  -  t  \ 

'  ri  r«  r,  "  r,  »  V>  *a  ) 


t 

_ L 

r 

r 

i 
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t  - 

t 

1  _ 

i 

r 

r 

2 

i 

t  - 

t 

- 2 

3 

r 

r 

) 

2 

t  -  t 


c*)  r 

sh  (*,  -  ) 


(103) 


Temperature  distribution  of  the  fin  can  be  found  by  solving  the  three 
energy  equations. 


also  dist>;ib«tion  and  ^at  transfer  from  a  radial  fin  can 

also  be  found  from  solutions  of  differential  equations.  Refer  to  Fi- 


Figure  25.  Section  of  Radial  Fin 
Heat  leaving  the  element  by  convection  is  given  by: 

dq  -  2h  (2tt  rdr)  (t  -  )  (104) 
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Reference  26  gives  the  following  equation  for  temperature  distribution 
along  a  radial  fin: 


o  K'  1 

f  mr  )  I  (mr)  +  I  | 
<  uJ  o  1  ' 

("%) 

K  (mr ) 

0 

•L1.  ( 

mr  \  K  (ur  \  +  I 
o  ;  i  V  e  )  > 

("%) 

'  Ko  < 

(105) 


Heat  flow  through  the  base  of  the  fin  is  given  by: 


q 

e 


-2n  kr  6  ~ 
o  dr 


r  **  r 

o 


(100) 


The  general  heat-flow  relationship  is  given  by; 


q  -  2fir  6k  raO 
ooo 
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(  rar„ 
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(107) 


The  fin  efficiency  can 


be  determined  from  the  following  expression: 
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(108) 


whore 


m 


is  the  fin  performance  factor 


whero 


e  =  t  -  t 


e  =  t  -  t 

0  0“ 


I  -  modified  Bessel  function,  first  kind 
K  =  modified  Bessel  function,  second  kind 


rectangular 'profile!"116  f°ll0Win9  **  «  -dial  fin  of 


1  +  1/3 (mb) 2  /T/p 


(109) 


where 


r  -  r 
e  o 


r 

-■f 

e 


foUowiignexpression-fer  fr°m  3  ^  Can  be  determi™d  from  the 


Q  =  r)2v  (r  2  -  r2 

o  \  e 


Q  =  r|TT  I  r  2 


)  h(t0  "  O  (from  both  sides) 


trom  one  side) 


(110) 

(110a) 


profil^arthrerSJff^e^fS^r^t3!^  °f  reCta^ular 

fin  performance  factor,  mb.  The  computatioYfYLsefonYe  sLY 
lEq‘  106K  -ThiS  e^uatio"  introduces  certain  errors 

The  charts  Y1  9  Values)  whlch  ar®  increasing  with  decreased  p  values 
The  charts,  however,  will  provide  sufficiently  accurate  data  fn  " 
dmary  engineering  computations.  accurate  data  for  or- 

-  Fl9“re  27  Presents  temperature  excess  ratio  of  radial  fins  of 
rectangular  profile  at  three  different  radius  ratios  aVa  f Action  of 
the  fin  performance  factor  mr  .  The  charts  allow  deter, ni  ,  Hon  ° 
temperature  differentials  within  a  radial  fin  ni  f 

can  be  divided  into  some  circular  areas  or  sections!  '  ^  Plat6 
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Figure  26.  Efficiency  of  Radial  Fins  of  Rectangular  Profile 
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TEMPERATURE  EXCESS  RATIO 
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Figure  27.  Temperature  Excess  Ratio  of  Radial  Fins  of 
Rectangular  Profile 


65 


In  cold-plate  design,  it  is  often  necessary  to  determine  thermal 
conductances  and/or  resistances  of  shapes  that  differ  from  the  longi¬ 
tudinal  and  radial  fins.  Such  conditions  occur  around  concentrated  heat 
loads  where  tlie  surrounding  area  must  be  divided  into  small  sections  or 
nodes.  Depending  on  the  design  of  the  cold  plate,  the  heat  transfer  in 
these  sections  can  take  place  only  by  conduction,  or  conduction  and 
convection  (radiation  is  neglected). 

Consider  conduction  heat  transfer  across  a  radial  wedge  as  shown  in 
Figure  28. 


Figure  28.  Circular  Ring  Sector 


Heat  flow  across  the  wedge  is  given  by: 


q  * 


(111) 


or 


dt  dr 
q  '  KA 


(112) 


The  heat  flow  area  changes  with  distance  from  the  tenter  and  can  be  ex¬ 
pressed  as: 


A(r) 


rPA  (6  in  radians) 


(113) 


dt  dr 
q  kri^J 


(114) 


If  we  integrate,  then 


r 


i 


(115) 


lnr  -  lnr 

^ _ _ _ 1 

k&6 


(116) 


t 


i 


t 

7 


q 


lnr  -  lnr 


2 _ 

k(JA 


l 


(117) 


or 


q 


kB6  _ _ 

lnr  -  lnr 
7  i 


(110) 


Noting  that 


At 

q 


conduction  thermal  resistance,  R>  wo  can  determine  that 


R 


lnr 


lnr 


(119) 


This  expression  can  be  conveniently  used  for  detonnining  conduction 
thermal  resistances  ir.  computer  analysis. 


The  temperature  differential*  in  the  above  development*  are  true 
only  for  conduction  heat  transfer.  When  convection  heat  transfer  alno 
take*  place  from  the  ring  sector,  the  temperature  distribution  can  be 
determined  by  similar  procedures  outlined  for  the  radial  fin. 

Consider  next  a  cold  plate  with  a  heat-exchanger  core  or  surface  as 
shown  in  Figure  29.  Figure  29a  shows  a  cold-plate  arrang»ment  where 
both  sides  of  the  cold  plate  can  be  used  for  equipment  mounting. 

Figure  29b  shows  the  arrangement  when  only  one  side  can  be  used  for 
equipment  mounting. 

The  total  heat  transfer  from  a  heat  exchanger  or  cold  plate  of  the 
plate-fin  configuration  can  be  divided  into  two  parts:  (1)  heat  trans¬ 
ferred  from  th*  base  or  equipment  siounting  plate  and  (2)  heat  trans¬ 
ferred  from  the  fins.  The  total  heat  transfer  is  given  by: 


0 


°b  *  Of 


(120) 


The  heat  transferred  from  the  fin,  applying  the  definition  of  fin  ef¬ 
fectiveness,  is: 


Q{  m  Hf  Af  hf  (f,t)b 


(121) 


Assuming  effectiveness  of  the  base  plate  as  unity,  we  can  obtain  the 
following: 


*b  '  \  hb  <At,b 


(122) 


The  above  assumption  can  be  justified  if  the  base  plate  is  divided  into 
the  small  elements  used  in  cosiputer  analysis.  Substituting  equations 
121  and  122  into  equation  120,  we  can  obtain: 


0  ■  \  hb  IAtlb  *  nf  »f  hf  ,At,b 


(123) 


Kquation  123  can  be  applied  for  both  configuration*  of  the  cold  plate, 
except,  only  half  of  the  fin  length  Bust  be  accounted  for  when  both 
aide*  of  the  plate  are  uaed  for  equipment  mounting.  If  only  one  side  of 
the  plate  1*  uaed  for  equipment  mounting,  the  cover  plate  will  al*o  take 
part  in  the  heat  tranafer  process)  therefore,  it  must  be  included  in  the 
heat  transfer  surface  area.  Actually,  when  the  cover  plate  is  included 
in  the  heat-transfer  surface  area,  equation  123  must  be  extended  as 
follows: 


Ab  hb  (M,b  4  nf  \  hf  (At)b  4  nc  AC  hc  <At)f 


(124) 


where  (At)f  is  the  temperature  differential  between  the  fin  end  and  the 
coolant. 

However,  for  short  fins  and  low  heat-transfer  coefficients,  as¬ 
sumption  can  be  mad*  that  Atf  -  Atfa. 

For  fins  of  high  efficiency  (small  temperature  drop),  assumption 
can  be  made  that 


h 


b 


h 

c 


h 

o 


and  equations  123  and  124  simplify  to 


(\  * n- A 


f  f 


At. 


(125) 


(Ab  ‘  "f  \  *  "c  Ac  ) 


(126) 


Introducing  the  weighted  overall  surface  effectiveness  yields: 
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(127) 


n  a 

o 


A 


f 


or 


-r  (>-",) 


(128) 


and 


f)  A  ■  A 


b 


n(  »f 


♦  n  a 
c  c 


(129) 


or 


(130) 


where 


A  -  Ab 


A .  ♦  A 
f  C 


(131) 


Substituting  tile  weighted  effectiveness,  wo  can  express  the  convection 
heat  transfer  from  a  finned  surface  as  follows: 


Q  -  no  A  h0  (At)b  ( i 3 2) 

where  Atb  •  tb  - 

t®  ■  temperature  of  surroundings,  °F 
A  ■  total  heat  transfer  surface  area,  ft* 
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a.  Efficiency  of  Finned  Extended  Surfaces 

Thermal  performance  of  longitudinal  and  radial  plain  rectangular 
fins  has  been  discussed  and  some  of  the  important  parameters  presented 
in  graphical  form.  However,  application  of  plain  heat  transfer  surfaces 
for  air  cooling  of  electronic  equipment  will  be  very  limited.  In  most 
cases  such  surfaces,  for  example  the  air  flow  passages  of  cold  plates, 
will  bo  provided  with  extended  surfaces  as  shown  on  Figure  29.  Under 
such  conditions  both  the  efficiency  and  temperature  excess  of  the  equip¬ 
ment  mounting  plate  will  be  significantly  affected. 

Considering  first  a  longitudinal  fin  of  rectangular  cross  section 
provided  with  a  compact  heat  exchanger  core,  for  example  the  plain 
plate-fin  surface  with  11.1  fins  per  inch  (see  Ref.  27).  Referring  to 
Figure  29,  the  heat  transfer  surface  of  the  mounting  plate  will  be 
extended  by  the  fins  and  the  cover  plate  as  follows: 


A 


ext 


♦  A 

c 


where  Af  is  surface  area  of  the  fins,  ft' 

A  is  surface  area  of  the  cover  plate,  ft2 

c 

The  overall  extended  weighted  surface  effectiveness 


r»A 


oxt 


Vt 


n  a 

C  C 


or 


ext 


f  A 


♦  n 


ext 


c  A 


ext 
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where 


n  •  tan_h(isb) 

f  (mbT 


n 


c 


tan  h (mb) 

c 

’Onb) 

c 


Reference  77  gives  the  following  expression  for  Fj 


F 


1 


cosh  (mb) f 


1 


tan  h(mb) 


c 


sin  h(mb)f 


weiahted  ii0n  “l11  **  p€rfonned  to  determine  the  overall 

havlnfl  *  f!  ^  *urfac*  ®fficiency  and  temperature  excess  of  a  fin 

cZliJ \Z How and  1!ngth°f  3  inChC-'  Th°  Rcynolds  numbcr  of  the 
cooling  air  flow  is  assumed  to  be  Re  -  2000.  The  Nueselt  number  for 

11  1  ^  r2?)"e'  “  °btainCd  fr0m  Figurc  155'  i8  Nu  -  7.7  (fin  surface 


Nu  -  7.7 


D  h 


and  h«7.7^— »7.7 

Dh  .01012 


11.79  Btu/hr  ft2  °F 
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■f 


,  /2(11.79)  ~ 
V  lOO(.OOOS) 


21.72 


«mb)f  -  2 1 . 72 ( .0208)  -  0.4525 


n 


f 


tan  h ( .4525) 
.4525 


0.933 


tan  h(mb) 


□ 


c 


t 


il.79 


100 (.0026) 


6.73 


bc  -  1/2 ( . 180) (i/12)  -  0.0075  ft 
(mb).  »  6. 73 (.0075)  -  0.0505 

Fj  -  - - — - - 

cosh  (.4525)  ^ tanh  (-0505)  sinh  (.4525) 
F  -  0.847 


n 


c 


.847 


tanh  (.0505) 
.0505 


0.846 


tor  the  particular  heat  exchanger  surface,  total  transfer  area/volume 
between  plates,  B  -  367  fin  area/total  area  -  0.756. 
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For  the  given  fin  volume 


between  plate# 


v 


( L.) 

V  12  / 

'12  / 

-  0.00521  ft5 


Total  heat  transfer  surfaee  area 

At  -  .00521  (367)  •  1.91  ft2 

Fin  area  Af  -  1.91  (.756)  -  1.445  ft2 
Area  of  cover  plate  Ac  -  1  .  o.25  ft2 

Area  of  fin  and  cover  plate 

Arxt  "  1,44!:  1  °-25  “  1-695  ft2 


ext 


1.445 

1 . 695 


(.938) 


.25 

1.695 


(.846)  •  0.924 


For  a  unit  area  of  fin,  there  will  be  extended  surface  area  of 


A 


ext 


(1)  (1)  (.25)  (y£)  (367)  -1  -  6.65  ft2/ft2 


^r^oT111  bV«"f,crature  gradients  along  the  extended  surfaces 

h*  ^  irCy,  this  Burface  win  be  reduced  by  the  factor  ruxt, 
and  the  effective  extended  surface  area  will  be 


A^xt  -  6.65  (.924)  -  6.15  ft2/ft2 


This  corrected  surface  area  must  be  included  into  the  fin 
and  temperature  excess  equations  as  follows 


efficiency 


m 


rxt 


For  the  surface  geometry  and  flow  conditions  indicated  previously 


m 


1 1  •  70  (6.  15) 
100  (.0104) 


8.34 


mb 


n 


BU(h)- 

tanh  (2.087) 
2.087 


2.087 


-  0.465 


and 


1 

cosh  (2.087) 


0.244 


Figures  23  and  2U  may  also  be  used  for  determining  the  fin  effi¬ 
ciency  and  temperature  excess  ratio.  It  must  be  noted,  however,  that 
for  each  core  geometry  and  heat  transfer  coefficient  h  the  parameter  m 
must  be  computed  separately. 

Similarly  as  for  the  longitudinal  fin,  the  same  procedures  may  be 
used  to  determine  fin  efficiency  and  temperature  excess  ratio  of  radial 
fine.  Based  on  the  computed  mb  and  mrc  parameters,  the  fin  efficiency 
n,  and  the  temperature  excess  ratio  0e/9o  may  be  obtained  from  Figures 
26  and  27,  respectively. 
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SECTION  VIII 

RADIATION  HEAT  TRANSFER 


heat  hCdf  *ranBfer  take*  only  a  minor  part  in  the  overall 

hea  ^  ransfer  process  considered  in  this  study,  only  the  general  equa¬ 
tions  are  presented  and  briefly  discussed. 

eith  *n  acc°rdance  to  thc  *>«ic  theory,  radiant  energy  is  transported 

iji"  ttrrss:  vav'i  °.r  bv photon'' u  tr*v‘i* «  *  •*=•<«  °< 

J  ?!  ?  continuous  interchange  of  eneroy  among  bodies  as  a 

of  the  tldiT  f*CiprOCaJ  proca”  of  emittance  and  absorptance.  if  one 

it  1«  \^e*?hc™rUrC  18  ^  *  hi9hCr  tcnP*™ture  than  the  other, 
f rnm  ).  10016  thermal  energy  to  the  colder  body  than  it  will  rereive 

i  A*  *  re,ult*  the  temperature  of  the  colder  body  will  increase 
the*  infefchange  of  energy  continues  even  when  both  bodies  h«ve  reached* 

both  °f  thc  boai"  *«•*«  -h  o., 

factor  between  two  Lf.c  i. 

fir«  BimnteV"'  ,Urf*Ce  and  raachln’  th*  other  outface.  Con.lder 
rtfil  m  «imPlcst  case:  a  black  surface  (perfect  absorber)  where  no 
reflection  occurs.  Black  surfaces  emit  in  a  perfectly  diffuse  fashion 
end  the  radiation  intensity  leaving  a  surface  is  independent  of  the 
d  tactic  of  emiaaion.  Thi.  almpUfl.a  th.  r.dl.Uo^«?t»n.£  cot- 
P  .« v ions •  For  example,  the  energy  radiated  from  a  surface,  A 

f°“nd  f"”  -  — - 


o 

1-2 


A  F  0  '£  k 
11-2  1 


(133) 


Similarly,  thc  energy  radiated  from  aurfaco  A,  which  roach.,  aurf.ee  A, 


Q 


2-1 


A  F  o  T  ** 
i  2-1  ‘r 


(134) 


The  net  exchange  from  surface  A  to  surface  A  is: 

•  2 


g  -  o 


1.2 


4 


(135) 


i  -? 


2-  I 


A  F 
> 


0  T  **  -  A  F  OT 
1  2  2.1  2 


From  the  reciprocity  relation,  we  can  determine  that 


A  F  -  A  F 

i  I-?  2  2-1  (136) 


The  net  exchange,  therefore,  can  be  written  in  the  following  form: 
Q  -A  F  o  (t  "  •  T  ^  (137) 

1-2  11-2  \  I  2  ) 


where  0,  the  Stcfan-Boltzmann  constant  ■  0.1713  x  10“'  Btu/hr  ft2oR, 

T  -  absolute  temperature,  °R  ■  460°  ♦  F°. 

Actual  surfaces,  however,  cannot  be  considered  as  black,  and  an 
omittance  factor,  c,  must  be  introduced  into  the  emissive  power  equa¬ 
tion. 


E  -  CO  T" 


(138) 


where  c  is  defined  as  the  ratio  of  the  emissive  power,  E,  of  a  given 
surface  to  that  of  a  black  surface  at  the  same  temperature. 


c 


(139) 


'iTie  ratio,  C,  is  also  called  the  total  hemispherical  omittance. 

We  can  now  introduce  another  item,  the  total  hemispherical  absorp- 
tance,  which  is  the  fraction  of  the  hemispherically  incident  radiation 
that  is  absorbed  by  the  surface  over  all  wave  lengths.  Therefore,  the 
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radiant  energy  e.itud  per  unit  time  and  area  by  a  body  1.  ,n  *  whu 
the  absorbed  radiant  flux  i.  an  k  (enclosure)  it  IT  ,  1  '  >U 

UK.V  it.  i*othcr*ai  CL  t„  * 


Q 

A~ 


i  r*T  *  -  tiOT  * 
i  l  > 


(HO) 


for  gray  bodies  a  »  r 
and 


C(  0 


(141) 


vj»«  ui 


,  ^ral  engineering  applications,  assumption  is 
faces  involved  are  gray-body  emitters  and  absoroors  (a  -  r)  In  h 

S*r  srr.r.:.r:r " 

th*°plrtic4p.ting  Z,TJl  W"*'  T°  of 


V 

1-7 


A 


I 


F  F 
1-7  C 


0 


(142) 


l 


A  F  F  0 
?-i  e 


(143) 


lor  infinite  parallel  plates,  we  find  that 


F  -  l 

1-7 

Substituting,  we  obtain 


1 


(144) 


e  l/c  ♦  i/c  - 

1  2 


For  concentric  sphere*  or  infinite  cylinders,  we  also  find  that 


F  -  1 
I  -  2 


f  m  — - - - 1 - 

c  1/e  ♦  A  /A  (1/c  -  1) 

>12  2 


(145) 


Special  cases  can  be  found  in  the  literature. 


SECTION  IX 
HEAT  STORAGE 


In  aircraft  cooling  systems  with  circulating  fluid  loop.,  elec¬ 
tronic  equipment  cooling  will  be  performed  mainly  by  cold  plate,  which 
cooud  by  tb.  circulating  fluid.  If  .uch  .  wo„?d  £'.Io£l! 

°',er‘hef^ing  of  th*  •l«ctronic  equipment  would  follow  within  a 
r  *V°  *  catastrophic  failure  of  the  equipment  essential 

o  flight,  a  means  must  be  provided  to  extend  the  operational  time  of 

2L-S&  hr°rd!n?  th<?  *qu4"M,nt  -ountAn9  Plate  (cold  Plate)  with 
fCTton  ?  00X116  accomplish  this.  For  example,  heat-of- 

tZiZ  7  *  °r  evaporative  coolant  could  be  used.  A  heat-of- 

re3ic2  thIT  c*P*citor  ">««  consist  of  a  mass  of  material  that  would 
«U  thi  b*C*“**  th'  h**1  «°“>d  >»  u.ed  to 

a.  Application  of  Heat  of  Fusion  Materials 

Der«tireIriniyh!f^,,U,ttri*1?  *"  aV*ilabl*  with  different  melting  tem¬ 
perature.  and  heats  of  fusion.  Although  high  heat,  of  fusion  are  the 

~'7lZ  ■€r"Sry  COn,id*rationa  volume  change  on 

lp*Cific  **••*  and  thermal  conductivity  of  the  solid  and  liquid 
f  .  rs,  ar.d  coeipatlbl lity  of  the  fusion  material  with  the  container. 

s*Uction  ahould  be  based  on  the  melting  te*>eratuxc 

ibovo  thTiniM  w  Ph***  chan9#  wU1  tak*  Pl'-ce  at  some  temperature 
anoli?  initial  temperature  of  the  cold  plate  and  below  the  maximum 
Ho  able  temperature  of  the  cold  plate.  The  total  operational  time  of 

he^o/i*1!  t#r  CO°Unt  circulation  is  discontinued)  provided  with 
heat-of-fusion  material  is  the  sum  of  the  following  three  itcmst  (1) 

tirlat"T  r!?Uired  to  h*at  tha  «°ld  Pl*te  with  the  heat-of-fusion  ma- 
l*1  1°  transition  temperature,  (2)  the  time  required  to  transfer 
the  heat-of-fusion  material  from  solid  to  liquid,  and  (3)  the  time 
required  to  heat  the  cold  plate  and  liquid  heat-of-fusion  material  to 
the  maximum  allowable  temperature.  Th.  total  heat  capacity  of  to. 
sysem  consist.  °f  the  electronic  components,  the  cold  plate,  the  heat- 
of-fusion  material,  and  the  container. 

fu,  •  col<’  ,UUd  «‘tb  .  certain  Muunt  of  haat-of- 

fu.lon  narerlal,  we  can  expreaa  the  total  h.at  capacitance  aa  folio.., 


c.  ♦  c  , 

fm  pi 


(146) 
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where  the  heat  capacitance  C  ■  Wc 


W  ■  weight  in  pound* 

C  -  specific  heat  of  the  material,  Btu/lb*F 

When  the  specific  heat  is  assumed  to  be  conatant,  the  rate  of  heat  flow 
to  a  heat  atnraq#  device  can  tv*  <  x;  r**«cd  as  foi1nw«t 


Q 


Wc  p 
dT 


c  gi¬ 

rt  t 


(147) 


where  dT  -  the  tie*  increment 

dt  •  the  temperature  change  during  the  time  increment. 

trom  equation  147,  the  time  during  which  a  certain  aattunt  of  heat,  Q, 
can  be  abaorbed  la: 


t  -  t 

T  ■  C  - — *■,  hra 


(148) 


wiiere  t,  •  the  temperature  at  the  beginning  of  the  time  interval,  °F 
tt  •  tho  temperature  at  the  end  of  the  time  interval,  *F. 


The  time  required  to  heat  the  heat-storage  device  (cold  plate  and 
heat-of-fuaion  material)  to  the  maximum  allowable  temperature,  there¬ 
fore,  can  be  determined  from  the  following  expresalon: 


1 


Cf.)  (hr 


«  HW 


fm 


4 


«  w. 


n)  ( 


max 


(149) 
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vh«re  T  ■  operational  time,  hra 

Q  m  heat  input  rate#  Btu/hr 
c  -  specific  beat  of  cold  plate,  Btu/lb  F 

pl 

c  -  specific  heat  of  solid  heat-of-f usion  material, 
f*  ntu/lb°F 

c  .  specific  heat  of  liquid  beat-of-fusion  material# 
fl  Btu/lb*P 

W  •  weight  of  cold  plate#  lbs 
Pi 

Wf  -  weight  of  heat-of -fusion  material,  lb» 

t  -  transition  temperature  of  heat-of-f usion  material,  F 
tr 

0  p 

-  initial  temperature  of  cold  plate,  r 

t  •  maximum  temperature  of  cold  plate,  t 
max 

M  •  heat  of  fusion,  Btu/lb 

*• - *•  z'~  « ™*u 

inq  of  a  solid  with  a  specified  heat  flux  on  tne  *  Uy#r  wlth 

cnee  presents  a  method  £f  the  surface  for  melting  a  solid 

time  and  temperature:  time  y-,irf*r«  The  reference  presents 

with  an  arbitrary  heat  flux  to  «  /^  \  and  0(0, T)/ ( Qi/C)  can 

charts  where  the  expressions  Q(D  X(T)/  UPWLJ 
be  found  by  solving  the  following  equation: 


a  pV 


Q(T)dT 


(1  ♦  4m) 


(150) 


where 


u  i8  a  function  of  time,  T,  for  the  case  Q(t)  -  constant 


T?  5t’  Sill  4  HI 

M  -  T  -  27  *  T7  *  41  51 


(151) 
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The  temperature  distribution  in  the  liquid  Belt  ia  given  as  follows; 


0,x,_T i  i 

Qj/c  2 


11  * 4u)'  '](;-*) 


(15 


and  the  temperature  -  tiM  history  at  the  surface  x  ■  0  is  given  byt 


0  (0,T) 
0L/c 


1/2  1 

(1  ♦  4U)  *  j  U 


(is: 


Figure  30.  Melting  of  a  Solid  with  Arbitrary  Heat  Flux 


C>L  -  latent  heat  of  fusion 
k  •  thtnsal  conductivity 
P  «  mu  density 
T  ■  time 

Q  •  thermal  diffusivity  •  k/pcn,  ftJ/hr 

r 

6  -  temperature  difference,  0  -  t-tB 

c  -  specific  heat 
t  -  temperature  of  liquid 
t„  -  melting  temperature 
x  -  X(t) 


Because  most  of  the  heat-of-fusion  materials  expand  approximately 
0  percent  when  melting,  space  must  be  provided  for  such  expansion  in 
the  container  housing  the  material.  This  can  be  achieved  by  using  a 
bellows  or  providing  a  sufficient  void  space.  Since  moot  of  the  heat- 
of-fusion  materials  have  a  relatively  low  thermal  conductivity,  the 
heat-transfer  matrix  should  be  provided  with  fins  designed  for  low  ther 
mal  resistance  and  low  heat  flux  into  the  heat-of-fusion  material. 

The  expansion  of  the  heat-of-fusion  material  could  be  used  to  ac¬ 
tuate  a  switch  to  turn  on  a  warning  light  or  even  shut  down  the  system. 

Reference  5  presents  a  simplified  computer  program  that  calculates 
-he  temperature  of  the  cold  plate  and  at  nodes,  the  heat-of-fusion 
material  temperature  as  a  function  cf  time  as  the  material  melts. 

^  g[v**  th*  Allowing  expression  for  determining  the 
total  thermal  capacity  of  the  system! 


C 

syst 


<WC)F  + 


max 


C.o.k)  f  (%* 


where 


(154) 


°F  <Cp>  solid  (tmelt  “  ^oak’  +  Hp  *  ( Vine  It  (tmax 

The  last  term  in  equation  154  represents  the  sum  of  all  the 
capacitances  of  the  system. 


mo  V 


thermal 
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A  wide  variety  of  inorganic  and  organic  materials  can  be  used  as 
heat-of-fusion  materials.  Among  the  general  types  available  are  paraf¬ 
fins,  which  give  a  variety  of  Belting  points  and  reasonably  high  heats 
of  fusion  and  are  not  corrosive.  They  typically  have  a  volu»e  increase 
of  11  to  15  percent  on  Belting. 

Table  6,  adapted  froB  Reference  29,  lists  a  nusfcer  of  materials 
suitable  for  use  in  heat-storage  systems. 

b.  Application  of  Fvaporatlve  Coolants 

Problems  of  extreme  heat  concentration  and  high  ambient  temperature 
are  usually  solved  by  the  evaporation  cooling  technique.  In  this  cool¬ 
ing  technique,  heat  is  removed  from  the  electronic  components  and/or 
systems  by  a  etiange  in  state  when  the  coolant  evaporatea  during  absorp¬ 
tion  of  heat.  For  a  given  weight  of  coolant,  vaporization  cooling  pro¬ 
vides  the  most  effective  heat  reanval  compared  to  any  other  method.  The 
heat  energy  absorbed  by  evaporating  a  liquid  coolant  is: 


O'Hh, 


(155) 


Below  the  boiling  point,  the  heat  capacity  of  the  fluid  will  also  add  to 
the  overall  heat  capacity  of  the  system.  If  the  evaporating  liquid  is 
stored  directly  in  the  cold  plate,  thermal  capacity  of  the  cold  plate 
and  its  equipment  should  also  be  added  to  obtain  the  total  thermal  mass. 
The  total  heat  capacity,  therefore,  of  a  liquid-filled  cold  plate  can  be 
determined  from  the  following  expression: 


c  '  Vi  ('op  -  S.)  *  VW'op  -  *  ",  ,156> 

where  ■  weight  of  evaporant,  lbs 

Wpj  ■  weight  of  equipment  mounting  plate,  lbs 
Cj  -  specific  heat  of  liquid,  Btu/lb  °F 
Cpi  ■  specific  heat  of  the  plate  siaterial,  Btu/lb  °F 
t  -  operating  temperature  of  the  cold  plate,  ®F 
■  boiling  temperature  of  the  evaporant,  #F 
hfg  *  heat  of  vaporization,  Btu/lb 


Table  6.  Heat  of  Fusion  Materials  and  Their  Properties 


The  time,  during  which  a  certain  amount  of  heat  can  be  absorbed,  can  be 
expressed  as  follows; 


T  -  hr*  (157) 

vgen 


0  n  ■  heat  transferred  by  the  equipment,  Btu/I.r 


Furthermore,  the  reservoir  Bust  be  designed  to  assure  heat  transfer 
to  the  evaporar.t  when  the  reservoir  is  partially  full  as  the  liquid 
evaporates.  Wicking  material,  therefore,  often  will  he  required  to  de¬ 
liver  the  liquid  to  the  heat-transfer  surface.  To  prevent  loss  of  the 
liquid  before  the  emergency  condition  occurs  and  control  the  boiling 
pressure,  thus  the  temperature,  a  valve  system  is  required.  In  de¬ 
signing  a  vaporization  cooling  device,  the  temperature  differential  (At) 
frost  the  cold  plate  to  the  evaporating  statcrial  must  be  considered. 

Table  7,  adapted  from  Reference  5,  lists  some  of  the  common  liquids 
for  evaporative  cooling  systems. 


Table  7.  Fvaporative  Coolant  Properties 


LIQUID 

TEMPERATURE 

•r/*c 

MEAT  OF 
VAPORISATION 
(Rtu/lb) 

VAPOR 

PRESSURE 

(PSIA) 

DENSITY 

(lb/ft5) 

Ammonia 

20/- 7 

553 

48.2 

40.4 

40/4.5 

535 

73.3 

39.5 

60/15.5 

520 

107.6 

38.5 

Water 

100/38 

1037 

1.0 

62.0 

150/65. 5 

1007 

3.7 

61.5 

200/93 

978 

11.5 

60.4 

Methanol 

50/10 

507 

1.05 

49.9 

100/38 

490 

5.0 

48.2 

150/65. 5 

472 

15.1 

46.7 

200/93 

407 

40.3 

45.0 
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SECTION  X 

APPLICATIONS  OF  HEAT  PIPES 


..  of  *hf!  uni<?ue  heat-transfer  characteristics  of  heat  pipes, 

they  are  currently  used  and  studied  for  a  wide  range  of  applicationf 
covering  almost  any  temperature  range.  The  heat  pipe  has  found  par-' 

cireilUi  W^°  applications  in  spacecraft  thermal  control,  where  coolant 

1  i ab i  I  i  t  ^problems *  °f  *****  liraitations  and  re¬ 

liability  problems.  The  applications  are  also  more  and  more  extended  to 

avionic,  equipment  cooling.  For  example,  heat-pipe  cooling  systems  have 

en  ubed  for  substrate-mounted  integrated-circuit  chips;  eloctronic- 

ZZZn\CtlCUit,  b°ardSJ  hi9h  components  iu^  as  travel¬ 

ing  wave  tubes,  Impatt  and  Trapatt  diodes,  and  modules  in  airborne 
phasod-array  systems;  and  other  specific  applications. 

n  must  be  noted  that  extreme  care  must  be  exercised  in  application 

t0  aVi°niCB  *<*"*1™^  cooling.  Orientation  of  the  heat 
l  evaporator  end  up,  and  dynamic  forces  resulting  from 
pi^«  f  UVCrS  C3n  significantly  reduce  thermal  performance  of  heat 


The  heat-pipe  technology  can  also  be  used  for  thermal  control  of 
temperature-sensitive  electronic  circuitry  where  not  only  junction 
temperatures  must  be  kept  low,  but  also  where  temperature  cycling  must 
be  reducad  and  the  mounting-surface  temperature  uniformly  maintained. 


Figure  31  shows  a  schematic  of  a  heat  pipe  consisting  of  a  constant 
cross-sectional  area  vapor-flow  passage  surrounded  by  an  annular  wick. 
The  working  fluid  is  evaporated  at  the  evaporator  section,  transferred 
through  the  vapor-flow  passage  to  the  condenser  section,  where  it  is 
condensed  and  returned  through  the  wick  by  capillary  action  to  the 
evaporator  section.  Since  both  the  boiling  and  condensing  process  take 
place  at  a  constant  temperature,  the  internal  temperature  of  the  hear 
pipe  is  practically  constant. 

a.  Design  Principles  of  H«at  Pipes 

The  heat-pipe  design  is  connected  with  a  number  of  interrelated 
problems,  and  a  certain  sequence  of  steps  must  be  undertaken  before  a 
successful  device  can  be  designed  and  fabricated.  Based  on  the  thermal 
requirements  of  the  particular  rquipment  or  system  to  be  cooled,  the 
working  fluid,  wick,  and  shell  material  of  the  heat  pipe  should  be 
selected. 

Selection  of  the  working  fluid  is  primarily  based  upon  the  expected 
temperature  range.  It  is  important  to  select  fluids  with  a  high  latent 
heat,  high  thermal  conductivity,  high  surface  tension,  good  wetting 
ability,  and  low  viscosity.  Consideration  should  also  be  given  to  the 
operating  pressure.  Extremely  high  operating  pressures  may  eliminate  an 
otherwise  attractive  fluid. 

In  selecting  the  wick  material,  the  following  primary  parameters 
should  be  considered:  (1)  thermal  conductivity  of  the  wick  matrix, 

(2)  the  capillary  pumping  capacity,  and  (3)  the  working-fluid  pressure 
drop  through  the  wick. 

The  choice  of  the  shell  material  usually  depends  upon  the  struc¬ 
tural  requirements  and  compatibility. 

For  optimum  operation,  assuming  a  cylindrical  heat  pipe,  the  ratio 
of  the  vapor  woace  and  wall  radii  can  be  determined  from  the  following 
expression  given  by  Cotter  in  Reference  30. 


(158) 


Assuming  that  the  maximum  heat  flux  which  the  heat  pipe  can  transfor  de¬ 
pends  upon  the  capillary  pumping  pressure,  we  can  develop  the  following 
equation: 


AP  »  AP,  ♦  AP  +  AP 
c  1  v  q 


(159) 
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■  0,  and 


when  the  heat  pipe  orientation  is  horizontal,  AP 

9 


AP  "  Ap  4  Af 

i  V 


(160) 


The  capillary  pusping  pressure  or  driving  force  results  from  the  ad¬ 
hesive  force  of  interfacial  wetting  and  can  be  expressed  as 


Ap 

c 


2f»  cos  0 
r 

c 


(161) 


The  maximum  driving  pressure  occurs  when  the  wetting  angle  is  zero 
d  -  0,  and  under  such  conditions: 


AP 

c 


(162) 


The  gravity  head  is  given  by: 


P, 


L  sin  a 


(163) 


^8Viiy  aro  "«9l«ctcd,  the  wick  provides  the  only  resis¬ 
tance  to  liquid  flow  from  the  condenser  to  the  evaporator.  Because  of 
ic  low  flow  rate b  and  velocities  encountered  in  capillary  flow,  it  can 

be  assumed  that  the  flow  is  laminar  and  Darcy's  law,  therefore,  will 
apply: 


Vl 


K  A 


p  w 


L' 

~P 


1 


(164) 


The  torn  L'  is  the  distance  from  the  Midpoint  of  the  evaporator  section 
to  the  midpoint  of  the  condenser  section.  The  wick  permeability  is  ex¬ 
pressed  as  Kp.  Another  equation,  derived  from  Reference  30,  can  be  used 
in  determining  pressure  drop  of  the  liquid  as  follows: 


/^P 


1 


* 


L  sin  a  * 


b  _ 

rv0  V  c!cln  hf„ 


(165) 


and  for  a  horizontal  pipe,  a  »  0 
and 


Af\ 


271 

a 

(tj  -  r  M 

Ac  r'  h. 

(166) 

V  w  v  / 

1  emin  fq 

The  tern  b  is  a  dimensionless  constant,  depending  on  the  detailed  ge¬ 
ometry  of  the  capillary  structure.  For  nonconnectod  parallel  cylindri¬ 
cal  pores,  b  -  8.  For  capillary  structures  with  tortuous  and  intercon¬ 
nected  pores,  b  varies  from  10  to  20. 

Because  of  tho  continuous  vapor  addition  in  the  evaporator  and  re¬ 
moval  in  the  condenser,  the  vapor  pressure  drop  computation  is  compli¬ 
cated.  Solutions  for  two  simplified  cases  have  been  obtained;  one  in 
which  tho  flow  to  or  from  the  channel  wall  is  small  and  the  other  in 
which  the  flow  is  large. 


APV  "  pv  (L)  *  Pv  {0) 


4p.  W 

a  e 


"p.. 
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for  Re  <<  1 
r 


and  for  a  more  practical  case  when  Re  »  1 


Rc  «1 
r 

(170) 

Ro  »1 
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93 


The  optimum  value  of  th^  capillary  pore  size,  r,  Qpt,  can  be  deduced 
from  the  above  equation  as  follows: 


r 


c  opt 


b  p  0  L 

.  _JL_  * _ 

r  p,f  h,  0  cos  0 
v  )  1  fg 


(171) 


For  a  horizontal  heat  pipe,  we  obtain: 


0 


1 


2_ 


L  sin  a  ■  0 


the  maximum  heat  transfer  of  the  steady-state  heat  pipe  can  be  computed 
from  the  following  expression: 


(172) 


also  Qe  -  ml  hfg  (173) 

In  many  heat  pipe  applications,  pressure  drop  in  the  vapors  can  be 
neglected  when  compared  with  the  pressure  drop  of  the  liquid.  Conse¬ 
quently,  the  maximum  heat-transfer  rate  can  be  expressed  as  follows: 


P.0  h 

1 _ f3L 


max 


2KA,  KA1  Pj  L  sin  a 

r  L'  '  ‘  0  L  ’  ' 

c 


(174) 


where 


r^  ■  the  single  pore  radiuB. 
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the  capillary  pumping  pres.uro  or  driving  fore#,  AP  i«  i-nr,  i 

?  i  opening.  with  ..n.urabl.  radii.  In  addition 

*  tUHr,0n  th'  “°rk‘"5  fl"‘a  *"><  »1<*  Bair  rial ,  and 
force  Ap  .  Way“  ix  obtalned  or  assumed  sero.  Tho  driving 

cap!  1  iary-pr«aaura°taat a!  d,t<'r*‘""d  ««I« l«.„tal ly  by  o.lng  wick 
b.  Radial  Heat  flux  Limitation* 

.i5n  Joplin, “TU1^  ,*CU’r*  ’h‘Ch  *U,t  *  con.idared  In  the  d«- 
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remperatur*  at  the  evaporator  aection. 

tudln^To^  £Lt  X  '?nfTUUr'  J-'  *‘°"5  «-  10051- 
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muS^TTJ  r.»l«tanca  of  a  ha.t  pip.  o.„  ba  cpra,.,d  a.  ,arl.. 
re.i.tance.  of  the  evaporator  and  conden.er 
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d°ctto“^;t!^:POt0•‘t,  Wl,:kl  51V°*  th”  1°‘ lowing  radial  con- 
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where  k^y  Is  the  composite  thermal  conductivity  of  the  wick,  liquid, 
and  possibly  trapped  vapor  bubbles.  When  nucleate  boiling  takes  place 
within  the  wick,  the  evaporation  conductance  is  expressed  by: 
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2fl  r 
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(176) 


where  h  is  the  boiling  heat-transfer  coefficient  determined  for  the 
specific  fluid,  heat  pipe,  and  operating  heat  flux. 

Under  conditions  of  low  heat  flux,  the  following  simple  expression 
can  be  used: 


h  » 


(179) 


where  kwj  is  the  thermal  conductivity  of  the  liquid-saturated  wick  and 
is  the  wick  thickness. 

For  heat  transfer  surfaces  covered  with  thin  metallic  wicks,  equa¬ 
tion  17^  will  give  values  which  are  too  high,  and  other  analytical 
expressions  must  be  used  for  determining  evaporative  heat-transfer 
coefficients.  Reference  31  has  investigated  evaporative  heat-transfer 
coefficients  for  a  1-inch  out side -diameter  horizontal  copper  tube  em¬ 
bedded  in  a  water-saturated  ceramic-fiber  wick.  The  reference  points 
out  that  at  low  heat  flux,  the  evaporative  heat-transfer  coefficient  for 
a  wick-covored  surface  was  higher  than  that  for  pool  boiling  from  a 
plain  surface.  The  following  reasons  are  given  for  the  above  phenomena: 
(1)  wick  fibers  increase  the  effective  transfer  surface  area  and  provide 
active  sites  for  bubble  formation  and  (2)  the  wick  fibers  greatly  in¬ 
crease  the  ratio  of  heated  surface  to  liquid  volume  (this  increases  the 
rate  of  superheat  of  liquid  near  the  surface,  thus  aiding  the  formation 
of  vapor  bubbles).  Reference  32  presents  results  of  pool  boiling  of 
distilled  water  (at  one-atsosphore  pressure)  from  horizontal,  stainless- 
steel  tubes  spiraled  by  1 /*-  and  1/4  inch  diameter  organic-fiber  wicking 
in  a  coil-like  manner.  The  test  runs  were  performed  with  eight,  six¬ 
teen,  and  twenty-six  evenly  spaced  spirals.  It  was  observed  that  the 


wi'*  spiral*  around  th«  heater  section  produced  much  earlier  nucleation 

Abo^*i0*FUrated  U?ULd  P?°i*  At  -b°Ut  2#F'  *‘uP*rhMt  8lt®s  "•**  activated, 
About  10  F  was  required  without  wicking.  Also,  as  the  number  of  cpiral. 

increased,  the  improvement  in  the  film  coefficient  was  increased  over 
no-wicking  runs.  With  twenty-six  spirals  of  wicking  around  a  6-inch 
hca  er  length,  the  film  coefficient  was  four  times  greater  than  for  a 
non-wicked  surface  «  At„t  of  20*F.  The  wicking  spirals,  however,  did 
not  increase  the  critical  heat  flux  of  the  heater  surface.  The  im¬ 
provement  in  heat  transfer  could  be  observed  at  the  lower  heat  fluxes 
on  x  v  • 


fattens ive  experimental  data  are  presented  in  Reference  33.  Evap¬ 
orative  heat-transfer  coefficients  were  determined  from  planar  wick- 
covered  surfaces,  using  water  and  Freon  113  as  evaporants.  Also,  this 
reference  points  out  that  equivalent  or  superior  performance  can  be 
obtained  with  wick-covered  surfaces,  as  cos^arcd  to  surfaces  with  no 
wicko.  The  data,  however,  indicate  that,  depending  on  the  structure  of 
the  wicking  material,  the  entrapment  of  vapor  bubbles  in  the  wick  matrix 
may  cause  premature  film  boiling  in  the  wick  at  relatively  low  heat 
fluxes.  The  reference  indicates  that  the  boiling  heat-transfer  coef¬ 
ficient  of  a  two-layer  thick  screen  is  significantly  higher  than  that  of 
a  seven-layer  thick  wick. 

An  approximate  critical  heat  flux  can  be  determined  by  a  semi-em¬ 
pirical  equation  developed  by  Rohsenow  and  Griffith  (given  in  Ref  34): 
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14  3  h 
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or  the  following  equation  developed  by  Zuberi 


q_r  -  0.18  h,  p 

cr  fg  v 


•  (’v) 
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9  9, 
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(181) 


Correlations  with  equations  180  and  181  have  also  been  performed  for 
Frcons,  F.2  and  C51-12. 

Care  must  be  exercised  in  using  the  above  equations;  for  thicker 

wicks  and  low  temperature  fluids  the  equations  will  give  too  hiqh 
values. 
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If  the  thermal  resistance  of  tho  liquid-saturated  wick  is  large 
compared  with  the  thermal  resistance  of  condensation,  the  following 
equation  may  be  used  for  determining  the  condensing  heat-transfer  coef¬ 
ficients 


h 

c 


(182) 


Hie  following  expression  is  given  for  determining  thermal  conductance  of 
a  liquid-saturated  wick: 


k  ,  -  ck  +  (1  -  c)  k 
wl  l  w 


(163) 


both  the  evaporator  and  condenser  surface  areas  are  important  items 
in  heat-pipe  thermal  performance.  When  the  evajiorator  is  covered  with  a 
vapor  film,  a  critical  heat  flux  is  reached  which  will  cause  a  drastic 
rise  in  the  temperature  of  tho  evaporator  surface.  This  condition 
should  be  avoided.  For  a  given  heat  load,  the  evaporator  surface  area 
must  be  properly  sized  to  ensure  operation  below  the  critical  heat  flux. 
Similarly,  care  must  be  taken  for  properly  designing  the  condenser 
section  in  order  to  reduce  the  radial  temperature  drop.  Under  gravity 
conditions,  some  portion  of  the  condenser  can  be  designed  without  a 
wick,  significantly  reducing  the  resistance  to  heat  flow. 

c.  Constant  Temperature  Heat  Pipe 

The  constant  temperature  heat  pipe,  employing  an  inert  gas  blanket 
in  tho  condenser  section,  was  an  early  development  at  RCA.  Figure  32 
shows  such  an  arrangement.  The  inert  or  non-condensible  qas  is  employed 
to  control  the  heat  rejection  area  of  the  condenser  section.  Under  low 
heat- transfer  rates,  the  non-condensible  gas  will  occupy  most  of  the 
condenser  length,  reducing  the  heat-transfer  area.  As  the  heat  load  is 
increased,  the  non-condensible  gas  is  forced  by  the  working-fluid  vapor 
flow  into  the  reservoir,  exposing  a  larger  condensing  surface  area.  As 
a  result,  the  heat  pipe  becomes  a  device  of  nearly  constant  temperature 
regardless  of  the  heat  load.  Because  of  the  short  mean-free  path  of  the 
vapor  molecules  at  normal  internal  pressures,  the  vapor  penetration  into 
the  non-condensible  gas  is  quite  small:  and  the  interface  has  a  sharp 
temperature  gradient. 


EVAPORATOR  CONDENSER 


Figure  32.  Constant-Tcisperature  Heat  Pipe 


Although  the  operating  temperature  of  the  constant-temperature  heat 
pipe  will  be  higher  at  lower  heat  dissipation  rates  than  the  temperature 
of  an  equivalent  conventional  heat  pipe,  fluctuations  caused  by  heat 
load  changes  can  be  significantly  reduced  by  this  simple  passive  ther¬ 
mal-control  technique.  This  technique  of  temperature  control  can  be  ap¬ 
plied  to  electronic-cquipmont  cooling  when  tho  amplitude  of  thermal 
cycling  must  bo  reduced. 


Heat  transfer  from  the  condenser  can  be  expressed  by  the  followinn 
equation* 


0  "  h  L«  (ty  -  t,) 


(184) 


where  Q  ■  heat  transfer  rate 

h  •  heat  transfer  coefficient 
A’  ■  heat  rejection  area  per  unit  length  of  condenser 
■  active  length  of  condenser 
t  ■  vapor  temperature  '.n  active  rone 
t  ■  sink  temperature. 

Determination  of  the  active  condenser  length  is  based  on  the  reasoning 
that  the  molar  non-condensible  gas  inventory  for  a  given  heat  pipe  re¬ 
mains  constant  throughout  all  the  operating  conditions.  Karcus  (Ref  36), 
for  an  ideal  gas  mixture,  gives  the  following  molar-gas  inventory  for  an 
element  of  heat-pipe  volume. 
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where  dn  »  number  of  moles  of  gas  in  the  volume  element,  dv 
Pq  *  partial  pressure  of  gas  in  dv 
Tg  »  temperature  of  gas  in  dv 
Ru  ■  universal  gas  constant. 

Assuming  a  simplified  flat-front  stodcl  for  the  inactive  portion  of  the 
condenser,  we  ecu  integrate  the  above  equation  to  obtains 
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where 


Av  »  vapor  core  cross-sectional  area 
Lc  ■  total  condenser  length. 
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SECTION  XI 


THERMAL  ANALYSIS  TECHNIQUES 


r*.  Finite  Difference* 

There  are  three  general  technique*  available  for  solution  of  heat- 
transfer  and  temperature-distribution  problems:  (1)  analytical,  (2)  an¬ 
alog,  and  (3)  finite  difference.  As  the  finite  difference  technique  is 
easily  adaptable  to  digital  conpu tat ions,  this  technique  has  four  I  wide 
applications  in  solving  heat-transfer  problems.  The  heat-transfer  de¬ 
vice  or  system  is  divided  into  suitable  regions  or  nodes  with  a  refer¬ 
ence  point  located  at  the  center  of  oach  region.  The  number  of  nodes 
will  depend  on  the  required  accuracy,  thermal  loading,  and  thermal 
conductance  of  the  material.  For  hand  calculations,  it  is  advantageous 
to  start  with  the  crudest  possible  subdivision.  All  the  points  from 
which  temperatures  are  required  should  be  included  in  the  system. 

In  the  numerical  or  approximate  solutions  of  heat  transfer  prob¬ 
lems,  the  differential  equations  are  replaced  by  finite  differences,  and 
the  problem  is  solved  by  a  set  of  algebraic  equations.  The  tempera¬ 
tures,  in  such  a  case,  arc  determined  at  certain  discrete  points  only. 

Heat  transfer  to  or  from  such  nodes  can  take  place  by  conduction, 
convection,  and  radiation.  Heat  can  also  be  generated  and  stored  in 
these  nodes.  Consider  a  section  of  a  rod  protruding  into  a  certain  en¬ 
vironment  and  losing  heat  to  this  environment,  as  shown  in  Figure  33. 


Figure  33.  Heat  Transfer  in  a  Rod 


The  energy  balance  and  rate  equations  can  be  used  directly  to  ar¬ 
rive  at  a  finite  difference  formulation.  Under  steady-state  conditions, 
energy  entering  an  clement  or  node  must  equal  energy  leaving  the  element 
or 
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Ttie  rato  of  heat  transfer  by  conduction  is  given  bys 
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or  generally 
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where 
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A  "  cross-section  area  of  the  rod. 


The  rat>»  of  heat  transfer  by  convection  is  given  byi 
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where 


K  •  hA  and 
ja 


(195) 


A  ■  surface  area  of  the  rod. 


If  heat  transfer  also  takes  place  by  radiation,  then 
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T  ■  absolute  temperature,  °R. 


Substituting  the  rate  equations  into  the  energy  balance  equation  gives 
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Such  equations  can  be  set  up  for  each  node,  and  the  solution  of  these 
equations  provides  the  temperature  distribution  of  the  rod.  If  n  points 
or  nodes  are  selected  in  a  certain  system,  then  n  number  of  equations 
must  be  set  up.  The  system  of  nodal  equations  can  be  solved  by  elimi¬ 
nation,  matrix  inversion,  reduction  of  determinants  by  Cramer's  rule, 
etc. 


'intkr  transient  conditions,  heat  capacity  of  the  node  must  also  be 
unsidored.  For  oxalic,  consider  the  energy  balance  for  a  node,  i, 
surrounded  by  adjacent  nodes,  j,  during  a  small  time  interval.  At. 
curing  this  time  interval,  assumption  is  made  that  the  temperature  of 
the  other  nodes  remains  constant.  Heat  balance  of  the  node,  therefore, 
can  be  expressed  as  follows: 
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Numerical  or  approximate  techniques  are  also  available  for  solving 
transient  problems.  The  numerical  methods,  however,  are  restricted  to 
simple  geometries  ard  boundary  conditions.  For  more  complex  systems, 
particularly  under  transient  conditions,  a  significant  improvement  in 
the  analysis  technique  can  be  achieved  by  application  of  the  digital 
computer.  ^ 

b.  Application  of  Computer  Techniques 

The  computer  technique  employs  the  electrical  resistance-capaci¬ 
tance  (R-C)  network.  Similarly,  as  in  an  electrical  resistance  which 
refers  to  current  flow,  thermal  resistance  refers  to  heat  flow.  Com¬ 
puter  solutions  arc  obtained  by  converting  the  physical  system  into  one 
consisting  of  nodes  or  lumps  connected  by  thermal  resistors.  The  method 
permits  direct  solution  of  complex  transient  problems  involving  con¬ 
duction,  convection  radiation,  and  hoat  storage. 

The  most  time-consuming  step  is  the  conversion  of  the  physical  sys¬ 
tem  into  an  equivalent  R-C  network.  All  the  resistances  and  capaci¬ 
tances  must  be  calculated  and  presented  in  a  form  acceptable  to  the 
particular  computer  program.  Use  of  the  lumping  process  imflies  that 
t  e  lump  or  node  is  at  a  uniform  average  temperature.  Dy  proper  selec¬ 
tion  of  the  node  size  and  arrangement,  any  degree  of  accuracy  can  be 
obtained.  Consideration,  however,  should  be  given  to  program  capacity, 
anticipated  temperature  gradients,  machine  time,  etc.  There  arc  no 
general  rules  which  provide  guidance  in  selection  of  the  proper  node  or 
lump  sizes.  Engineering  judgement  and  experience  is  helpful. 

Before  going  into  more  complex  R-C  network  applications,  some 
simple  heat- transfer  problems  are  presented  and  discussed.  For  example, 
heat  flow  through  a  plain  wall  {see  Figure  34)  can  be  expressed  as 
follows: 
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Figure  34.  Heat  Flow  Through  a  Plain  Wall 


Figure  34b  shows  the  thermal  circuit  of  the  plain  wall:  Figure  34c 
shows  the  thermal  circuit  of  the  wall  with  convection  on  both  sides  of 
the  wall. 

The  convection  heat  transfer  to  and  from  the  wall  jan  be  expressed 
by  the  following  equations: 
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or 
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Expression  L/kA  is  called  the  conduction  thermal  resistance,  and 
expression  1/Ah  is  called  the  convection  thermal  resistance.  In  any 
case  involving  heat  transfer  between  two  points  at  teaperatures 

follows- *  At'  th°  Heat  flOW  (analo9ou*  to  ohl»'B  law)  can  be  expressed  as 
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The  relation  between  the  temperatures  and  the  heat  flow  for  the  plain 
wall  with  convection,  can  be  expressed  as  follows: 


(205; 


Consider  next 
component  as  shown 


a  fin  attached  to  a  hot  wall  or  some  heat -gene racing 
in  Figure  35.  Heat  from  the  hot  wall  is  transferred 
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by  conduction  to  and  long  the  fin,  then  by  convection  to  the  ambient 
air  or  other  ultimate  heat  sink.  Figure  35  shows  the  R-C  network  when 
only  one  side  of  the  fin  takes  part  in  convection  heat  transfer.  The 
other  side  and  end  could  be  insulated. 


Figure  35.  R-C  Network  of  a  Longitudinal  Fin 
Conduction  resistances  of  the  fin  can  be  Jeteri,uned  as  follows: 
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where 

A  ■  6 (Ay) 

The  convection  resistances  are: 
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where 


A  -  (Ax)  (Ay) 


When  convection  heat  transfer  takes  place  fro.  both  sides  of  the  fin, 
then 


A  «■  2 (Ax)  (Ay) 


Wi,en  heat  (s  dissipated  to  the  ambient  air  (assum'd  at  uniform  tempera - 
tur«),  all  the  anient  nodes  (5.  6.  7  and  6)  can  be  cosfcined  into  one 
node.  Under  transient  conditions,  thermal  capacity  of  the  nodes  must 
also  be  determined.  In  this  particular  case,  when  all  the  nodes  are  of 
the  same  size,  then 


C  -  C  -  pcV 
l  % 


because  circular  fins  are  finding  wide  application  in  heat-transfer 
equipment,  determination  of  their  thermal  resistances  is  presented, 
ligure  36  shows  a  circular  fin  of  rectangular  cross  section  and  its  R-c 
The  R-C  network  show  ,  convection  heat  transfer  fro.  one  side 
or  he  fin  only.  The  other  side  can  be  easily  included  by  multiplying 

wv.“Ur!*?*  arCa  **  tW°*  HP<,t  lo”  fro*  the  «nd  neglected  (thin  fin) 
although  it  can  be  easily  incorporated  into  the  R-C  network. 

Heat  flow  through  a  cylinder  or  disk  of  thickness,  6,  can  be  ex¬ 
pressed  as  follows) 
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When  computer  techniques  (F-C  networks)  are  used  for  thermal  analysis, 
it  is  more  convenient  to  have  a  simple  expression  for  the  heat  flow 
through  a  cylindrical  body  of  the  same  form  as  through  a  plain  wall,  or 
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An  ia  th*  ®°an  area  and  can  be  expressed  as  follows; 
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where 


Ai  *  2n  r,6  and 
A?  -  2n  r,5 


Thermal  resistance  of  the  ring,  therefore,  is: 


Convection  reaistance  is  givon  by: 
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c  "  *  (r»J  "  rjJ)  for  one  side  of  fin 
c  "  2”  (  rt*  ~  r/  )  for  both  sides  of  fin. 
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A  more  complex  problem  ia  diacuaaed  next.  For  example,  It  ia  de- 
a^red  to  determine  'herwl  performance  of  the  air-cooled  cold  plate 
shown  in  Figure  37.  The  cold  plate  conaiata  of  an  equipment  mounting 
surface  and  an  air-flow  channel  through  which  the  cooling  air  la  forced. 
For  more  effective  cooling  and  heat  transfer,  the  flow  channel  is  usu¬ 
ally  provided  with  extended  surfaces,  that  ia,  fins.  Heat  dissipated  by 
thf  components  ia  transferred  across  the  scenting  Joint  to  the  plate, 
then  nto  the  cooling  air  stream.  The  temperature  of  the  cooling  air 
does  not  remain  constant,  but  increases  along  the  channel*  and  a  dif- 
oront  approach  must  be  used  for  determining  the  convection  thermal 


Figure  38  shows  the  R-C  network  of  a  section  of  the  cold  plate  and 
the  air  stream.  Reference  37  c.ives  the  following  equations  for  deter¬ 
mining  the  flow  and  convection  resistances! 
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Figure  38.  Resistance  Network 


When  the  nodes  are  of  equal  size,  the  convection  resistances  can  bo 
expressed  as  follows! 
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for  a  flat  plat*  without  fins 


A  -  (Ax)  (Ay) 
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Whon  the  flow  channel  is  provided  with  fins,  the  fin  surface  must  also 
be  added  to  the  heat-transfer  surface  area  of  the  plate.  See  Section 
If II  for  extended  surfaces. 

Figure  39  ghovs  the  R-C  network  of  the  air-cooled  cold  plate  shown 
in  Figure  3?.  The  stud-mounted  components  could  be  power  transistors, 
diodes,  rectifiers,  etc.  The  junction  temperature  of  the  component  is 
usually  determined  fro*  the  reliability  requirements  or  particular 
specifications.  The  design  of  the  cooling  system  or  device,  therefore, 
must  be  based  on  this  temperature.  All  the  thermal  resistances  from  the 
component  junction  to  the  ultimate  heat  sink  must  be  tailored  to  satisfy 
the  permis  it le  temperature  gradients.  The  junction-to-case  thermal 
resistance,  Rj-C.  is  given  by  the  manufacturer  of  the  component  and 
cannot  be  changed.  Resistance  of  the  interface  between  the  component 
and  the  mounting  plate  depends  upon  the  mounting  technique  used,  for 
example,  with  or  without  insulating  washers.  Some  data  about  this 
resistance  can  be  obtained  from  the  open  literature.  The  conduction  and 
convection  resistances  must  be  tailored  for  the  particular  thermal 
requirements,  especially  when  both  heat  source  and  ultimate  hoat-sink 
temperatures  are  specified.  The  network  shown  in  Figure  39  may  not  be 
the  best  for  the  configuration  given.  Siring  of  the  plate  and  fineness 
of  the  nodes  depend  upon  the  thermal  lcadinq.  Highly-concentrated  heat 
loads  require  smaller  nodes,  particularly  around  the  component  mounting 
areas.  It  should  bo  noted  that  all  nodes  exposed  to  the  cooling  air 
stream  must  be  connected  to  the  air  stream  by  convection  resistances. 


Figure  40  shows  a  section  of  tho  cold  plate  with  the  conduction  and 
convection  resistances.  The  cross-hatched  area  indicate*  the  area  over 
which  the  dissipated  heat  of  the  component  is  transferred  to  the  plate. 
Fro*  this  area,  tho  heat  spreads  throughout  the  plate.  The  magnitude  of 
the  temperature  gradients  will  depend  upon  the  heat-transfer  rate, 
conduction  resistance  of  the  plate,  and  convection  resistance  to  the 


Figure  40.  Section  of  a  Cold  Plate 


coolant.  Although  four  node  points  are  shown  on  the  outer  circle  of  the 
ring,  thesa  node  points  can  be  combined  into  one  node  (assuming  uniform 
temperature  along  the  circle),  and  the  thermal  resistance  of  the  ring 
can  be  determined  by : 


(219) 


The  conduction  resistances,  R,.,,  R?_%,  R^  and  Rj.^,  are  the  sum  of 
the  trapezoid  and  rectangular  node  resistances. 

Because  there  are  some  minor  differences  between  air-  and  liquid- 
cooled  cold  plates,  the  R-C  network  of  a  simple  liquid-cooled  cold  plate 
is  also  shown.  Figure  41a  shows  a  cold  plate  with  heat  dissipating 
components  attached  to  it.  Similarly,  as  with  the  air-cooled  cold 
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plate,  the  heat  dissipated  by  the  components  is  transferred  to  the  plate 
(cross-hatched  area),  then  through  the  plate  and  into  the  cooling  liquid 
strcaB.  Conduction  resistances  through  the  plate  can  be  determined  by 
procedures  outlined  previously.  The  only  difference  is  in  utilization 
of  the  convection  heat  transfer.  While  in  the  air-cooled  cold  plate, 
all  the  nodes  were  exposed  to  forced  convection  heat  transfer,  here  only 
nodes  located  along  the  outer  edges  are  connected  to  the  liquid  conduit. 

Figure  41b  shows  the  R-C  network  between  the  coolant  stream  and  the 
plate.  These  resistances  can  be  determined  as  follows: 
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When  temperature  gradients  within  the  conduit  wall  can  be  neglected,  a 
simplified  expression  can  be  used  as  follows: 
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where  Ac  is  the  convection  heat  transfer  area,  ft2.  With  the  tube  and 
plate  attachment  method  shewn  in  Figure  41,  a  certain  effectiveness 
factor,  n*  must  be  introduced  with  the  area,  Ac,  or 
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While  the  heat  capacity  of  the  Mr  within  a  node  is  usually  ne¬ 
glected  (C  •  0),  the  heat  capacity  of  the  liquid  must  be  considered. 
This  capacity  can  bo  determined  from  thv  following  expression: 
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where  A  is  the  cross-section  area  of  the  tube. 
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SECTION  XII 


GENERAL  THERMAl  CONTROL  SYSTEMS 
AND  THEIR  REQUIREMENTS 


The  thermal  control  systrts  should  be  designed  to  meet  thermal  require¬ 
ments  of  the  electronic  equipment  within  limitations  of  the  aircraft  enviroa- 
■ental  control  system  and  the  aircraft  weight  penalties.  There  are  three  main 
items  which  oust  be  considered  in  designing  a  thermal  control  system  for 
electronic  equipment:  (1)  the  temperature  of  the  component  hot-spot  or 
junction  must  bo  kept  low  enough  to  provide  adequate  reliability, 

(2)  the  component  thermal  cycling  must  be  limited  both  as  to  temperature 
range  and  rate  of  temperature  change,  and  (3)  components  must  be  cooled 
uniformly. 

There  are  many  thermal  interfaces  between  the  junction  of  the 
electronic  device  and  the  ultimate  heat  sink.  Because  of  the  maximum 
allowable  junction  temperature  and  the  given  heat  sink  temperature ,  the 
thermal  interfaces  must  be  tailored  to  the  particular  requirements.  In 
the  case  where  the  thermal  interfaces  are  set,  the  required  temperature 
of  the  ultimate  heat  sink  car,  be  determined.  Selection  of  the  heat 
transfer  modes  or  techniques,  however,  should  be  made  on  cost,  size, 
weight,  reliability,  and  serviceability  considerations. 

The  cooling  or  thermal  control  systems  can  be  divided  into  two 
general  categories:  (1)  direct  cooling  systems  and  (2)  indirect  cooling 
systems.  In  the  direct  cooling  systems,  the  electronic  components  are 
directly  exposed  to  the  coolant  stream.  In  the  indirect  cooling  sys¬ 
tems,  the  coolant  is  usually  confined  to  channels  in  cold  plates  or 
chassis  to  which  the  electronic  components  are  mounted.  In  both  cate¬ 
gories,  the  coolant  can  bo  liquid  or  gas.  The  thermal  control  syste  s 
can  be  further  divided  into  closed  and  open  loops.  With  few  exceptio'.s, 
liquid  is  generally  used  in  closed  loops;  gas  coolants  (air)  arc  used  in 
open  loops.  In  the  direct  cooling  systems,  the  component-dissipated 
heat  is  rejected  directly  into  the  coolant  stream  by  convection  (or  also 
evaporation),  while  in  the  indirect  cooling  systems,  conduction  and 
convection  modes  of  heat  transfer  take  part  in  heat  removal  from  the 
components.  Indirect  cooling,  however,  has  some  advantages  such  as 
easier  accessibility  for  maintenance  (particularly  when  liquid  coolants 
are  used),  less  sealing  problems,  and  a  wider  range  of  coolant  selec¬ 
tion. 


Because  of  the  high  packaging  densities  and  heat  dissipation  rates 
of  electronic  systems  presently  in  use  or  development  stages,  natural 
air  cooling  is  practically  obsolete.  Forced-convection  (including 
evaporation)  liquid  and  air  cooling  are  considered  for  present  and 
future  electronic  systems.  For  electronic  systems  having  low  or  medium 
heat  dissipation  rates,  air  cooling,  because  of  its  availability,  pro¬ 
vides  simple,  cheap,  and  effective  cooling.  Both  direct  and  indirect 
air  cooling  have  been  ext  nsively  used;  however,  as  air  often  contains 
large  amounts  of  moisture  and  dust,  there  is  a  tendency  and  sometimes 


elUr  HI  °?fl0y  in^ircct  air  cooling  by  application  of  cold 
*  In  thiB  cooling  technique,  the  air  is  forced  through  passages 
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drilrl!hifar  V  “!r  ^>oling  iB  concerned,  clean  air  is  one  of  the  most 
r°°  2!!  5?CfU*e  U  iS  noncorrosive,  nontoxic,  nonflammable, 
and  possesses  good  dielectric  properties.  On  the  negative  side,  air  has 
the  poorest  heat-transfer  properties  of  all  the  standard  coolants,  and 
it  can  generate  significant  amounts  of  acoustical  noise  at  high  veloci- 
ties.  In  general,  noise  and  vibration  become  objectionable  at  veloci- 
arPro^“ately  1500  <25  ft/sec)  i  although,  in  some 

™ '  *lr  v'loclty  “ to 


For  high  heat-dissipation  rates  and  packaging  densities,  liquid 
cooling,  because  of  its  high  heat-transfer  coefficients  and  low  pumping- 
power  requirements,  offers  outstanding  potential  for  cooling  of  elec¬ 
tronic  equipment  The  high  specific  heat  of  liquids  per  unit  volume 

IT10*  til  °\Bimal\SiZC’i  f°r  UnC8'  valves'  heat  exchangers,  and 
L1??id  COOling  also  "inimizes  acoustic  noise  and  interference. 
Liquid-cooling  systems  are  almost  always  closed  loops  and  usually  have  a 
relatively  low  temperature  rise,  providing  uniform  cooling  for  com¬ 
ponents  of  equal  power  dissipation.  Similarly  as  with  air  cooking, 

U?!Vn  dirCCt  °r  indirect  cooling.  When  using  cold 
places,  the  liquid  is  forced  through  tubes  attached  directly  on  one  side 

plate  plate'  or  the  liquid-flow  passages  can  be  incorporated  into  the 


.f*  liguf Pooling  systems  will  be  totally  closed,  and,  because  of 
1  quid  expansion  with  temperature  increase,  some  provisions  must  be  made 

tn8e  ^hangeS-  mansion,  or  air-cushion  tank,  should 
be  pro/ided  to  allow  for  expansion  of  the  fluid  as  its  temperature 
increases,  to  remove  air  from  the  coolant,  and  to  cushion  the  shock  in 
the  system  if  it  should  become  vapor  bound.  The  tank  should  be  large 
enough  to  allow  for  the  expansion  of  all  the  liquid  and  still  provide  an 


The  cooling  systems  should  be  designed  for  operation  under  the  most 
severe  conditions  anticipated.  Under  less  severe  conditions,  the  ca¬ 
pacity  of  the  system  should  be  reduced  as  a  function  of  the  cooling 
demand.  Control  of  a  system  can  be  accomplished  by  using  temperature- 
sensing  elements  in  connection  with  flow-control  valves.  The  degree  of 
t  ri^rol  depends  upon  the  requirements  of  the  most  tcGtperaturc-sonsitive 
part,  or  parts,  in  the  electronic  system.  Reference  19  points  out  that 
components  with  a  varying  duty  cycle  should  be  located  downstream  to 
protect  other  equipment  and  achieve  a  stabilizing  effect.  If  the  duty 
cycle  of  a  high-power  component  fluctuates  drastically,  its  in^roper 
location  could  have  a  significant  adverse  effect  on  the  reliability  of 
all  the  downstream  components  and  subassemblies.  Problems  of  this  type 
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can  be  reduced  by  proper  design  of  the  coolant -flow  circuitry.  Series, 
parallel,  and  a  combination  of  series— parallel  circuits  can  be  employed. 
The  choice  depends  not  only  on  the  temperature  to  be  maintained  but  also 
upon  the  weight  and  powoi  requirement s  associated  with  each  type  >t  flow 
circuit.  Series  circuits  have  the  advantage  of  mechanical  simplicity, 
tending  to  minimize  the  weight  of  the  coolant  distribution  lines  by 
minimizing  the  number  of  connectors  and  branches.  Disadvantages  include 
higher  pressure  drops  for  a  given  flow  rate,  as  compared  to  other  types 
cf  circuitry,  and  a  degree  of  inflexibility  with  respect  to  the  temper¬ 
ature  of  the  coolant  as  It  passes  through  the  cooling  equipment.  This 
latter  aspect  necessitates  greater  care  in  the  placement  of  the  com¬ 
ponents  and  subassemblies  within  the  electronic  equipment  wt.cn  series- 
flow  circuitry  is  used.  With  the  parallel  system,  a  manifold  supplies 
coolant  to  the  different  cooling  devices  (cold  plates  and/or  heat  ex¬ 
changers)  at  the  same  inlet  temperature.  Component  placement  in  this 
arrangement  is  less  critical  than  for  series  circuits.  The  parallel 
concept  is  particularly  advantageous  to  modular  cooling  and  micromini¬ 
aturized  assemblies,  where  each  unit  in  the  subassembly  dissipates  ap¬ 
proximately  the  same  quantity  of  heat  and  is  subjected  to  the  same 
temperature  limits.  Furthermore,  the  Pressure  drop  associated  with  a 
given  flow  rate  is  lower  than  for  other  types  of  ciicuits.  Series- 
parallel  circuitry  offers  a  great  degree  of  design  flexibility  and 
allows  the  advantages  of  both  series  and  parallel  flow  configurations. 
This  arrangement  is  the  most  likely  approach  to  be  used  for  advanced 
cooling- system  concepts. 

The  addition  of  a  thermal  control  system  to  an  aircraft  will  affect 
its  performance  by  adding  weight,  drag,  and  power  consumption.  De¬ 
signers  of  such  a  system  should  have  a  clear  knowledge  of  the  complete 
electronic  cooling  load  and  the  pertinent  characteristics  of  the  air¬ 
craft.  It  should  be  pointed  out,  however,  that,  except  for  t*mpcrature 
control  of  tho  liquid  in  the  aircraft  environmental  control  system, 
ample  liquid-cooling  systems  (also  air)  do  not  provide  any  protection 
against  thermal  cycling. 
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SECTION  XIII 

FLOW  DISTRIBUTION  IN  MANIFOLDS 


m  a  couplet*  cooling  system,  but  alio  in  individual 
<oli  plates  and  heat  exchangers,  proper  flow  distribution 
within  the  paaiagcs  li  of  importance.  Configuration  and 
>ling  equipment  ii  dictated  by  the  thermal  requirement!  of 
equipment,  apace  considerations,  and  weight  and  power 
the  vehicle.  When  the  coolant  flow  panagei  are  ar- 
00  flow  diitnbution  problem!  will  occur.  Very  often, 
>olant  flow  paaiagei  within  a  cooling  device  or  equipment 
id  in  parallel.  When  heat-transfer  computation!  are 
a  usually  assumed  that  an  ideal  velocity  and  flow  dis- 
i  place  within  the  heat  transfer  matrix.  Under  actual 
-ever,  large  deviations  from  the  ideal  uniform  flow 
n  occur.  Such  nonuniform  flow  distribution  can  even 
single  passage  (in  air-cooled  equipment)  under  certain 


ince  this  report  is  primarily  concerned  with  cold  plates 
*ome  of  the  manifold  configurations  applicable  in  cold  plate  d 
discussed. 


rh  i  two  main  factors,  inertia  and  friction,  determine  the  distribu¬ 
tion  of  flow  in  and  out  of  manifolds.  When  the  inlet  manifold  has  a 
constant  cross  section,  the  velocity  reduction  in  the  direction  of  flow 
leads  to  a  conversion  of  velocity  pressure  into  static  pressure.  The 
opposite  occurs  in  the  discharge  manifold.  On  the  other  hand,  friction 
causes  loss  of  pressure  along  the  manifold,  or  any  flow  passage.  The 
relative  magnitude  of  the  pressure  regain  because  of  reduced  velocity 
and  the  pressure  loss  because  of  friction  determine  whether  the  pressure 
ri  e»  or  falls  from  the  inlet  end  to  the  closed  end  of  the  manifold.  If 
the  cross  section  of  tho  manifold  can  be  changed,  it  is  possible  to  size 
the  area  along  the  length  in  a  manner  that  the  two  opposing  factors 
balance  each  other,  resulting  in  a  uniform  discharge  along  the  length. 
Reference  39  gives  the  following  expression  for  discharge  velocity 
variation  at  distances  from  the  dead  end  of  the  manifold  shown  in 
Figuro  42. 


Figure  42.  Nanifold  with  Discharge  Openings 


(224) 


Vt  sin  (kit)  (**  l  ) 

where  V  -  in  lot  velocity 

o 

L  ■  length  of  mini  fold 
K  ■  area  ratio 

K  “  coefficient  of  discharge  of  the  holes  or  slot 

K  .  Eua*  of  areas  of  all  discharge  openings 
Cross-Sectional  area  of  manifold 


In  accot dance  with  Reference  19  for  a  ratio  L/D-70,  the  friction 
practically  cancels  the  deceleration  regain,  and  the  distribution  of 
discharge  along  the  length  is  practically  constant.  There  is,  however, 
another  item  of  concern,  an  1  that  is  the  area  ratio.  Tho  same  reference 
points  out  that  tor  an  area  ratio  of  k-2,  the  variation  is  much  greater* 
and,  regardless  of  the  length/diaanter  ratio,  it  is  not  possible  to  ob¬ 
tain  a  satisfactory  uniformity  of  discharge.  Even  for  the  siost  favor¬ 
able  length  ratio,  L/D*70,  the  variation  from  uniformity  is  7  percent  of 
the  average*  and  for  t/010,  the  discharge  rate  at  the  inlet  end  is  only 
1H.7  percent  of  that  at  the  dead  end.  Where  the  area  ratio  is  increased 
still  further,  a  condition  can  be  reached  where  the  discharge  rate  at. 
the  inlet  end  reduces  to  aero,  or  even  reverses.  Friction,  however,  has 
an  equalising  effect*  the  greater  L/D,  the  greater  the  area  ratio  can  bo 
without  causing  the  flow  to  reverse. 

Somotimos  it  is  not  practical  to  vary  the  cross-sectional  area  of 
the  manifold.  In  such  a  case,  the  distribution  of  the  holes  may  be 
varied,  or,  in  the  cane  of  a  continuous  slot,  the  width  of  tho  slot  may 
be  varied.  Reference  30  points  out  that  for  a  continuous  slot  with  an 
area  ratio  of  unity  and  a  short  manifold  (L/D-10),  tho  slot  at  tho  inlet 
end  should  be  13  percent  wider  than  the  average.  At  the  dead  end  it 
lihould  bo  5.75  percent  narrower  than  the  average.  For  long  manifolds 
(h/D*80),  the  required  variation  of  slot  length  is  so  nmall  that  it  can 
be  neglected*  and  the  slot  can  l»e  made  of  uniform  width.  With  area 
ratios  larger  than  unity,  the  required  variation  of  slot  width  must  b© 
much  larger. 

Where  tho  cross- sections l  area  of  the  manifold  can  bo  varied  along 
its  longth,  the  contour  can  usually  be  pro|>ortioncd  so  that  friction 
loss  counterbalances  the  decoloration  region  at  every  point.  For  a 
circular  cross  section  the  following  expression  can  be  used: 
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(225) 


where 


D  -  diameter  «t  a  distant,  a,  from  the  dead  end,  ft 
Dq  -  diameter  at  the  inlet  end,  ft 
L  -  length  of  the  manifold,  ft 
f  •  the  friction  coefficient. 


When  the  manifold  arrangement*  shown  in  Figure  43  are  used,  the 
question  ari.ea  which  is  the  bc*t  configuration  to  achieve  the  most 
uniform  flow  distribution.  The  same  reference  point,  out  that  if  the 
entrance  end  of  the  inlet  manifold  is  at  the  same  side  as  the  outlet  end 
of  the  discharge  manifold)  then,  without  friction,  the  pressure  rise 

/??  °l  °utlet  end  to  dead  *nd  w°uld  be  the  sam-  in  both  mani¬ 

fold.  'disregarding  volume  changes).  Even  with  friction  and  with  dif¬ 
ferent  specific  volumes,  the  pressure  variation  in  one  manifold  tends  to 
counteract  that  in  the  other  manifold,  providing  more  uniform  flow 
distribution  *n  exception  to  this  case  is  manifold,  with  very  larqe 
VL>  ratio,  where  friction  loss  far  outweighs  deceleration  regain.  In 
such  a  ca  e,  the  inlet  and  outlet  ends  should  be  at  opposite  sides,  as 
shown  with  broken  lines  in  Figure  43, 
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INLET  MANIFOLD 


DISCHARGE  MANIFOLD 


Figure  43.  Possible  Manifold  Arrangements  for  a  Tube  Dank 


SECTION  XIV 
THE  COLD  PLATE 


A  eingle  fluid  heat  exchanger  designed  for  removing  heat  frost 

rlUfW*t ,*■  C-llPd  *  "COld  PUt*'“  Defending  on  the  hear 
oad  and  thermal  requirements  of  the  equipment,  the  coolant  can  be 

SiZi°'  heat  di.aipation  rate,  and  mounting  arrangement  of 
the  electronic  equipment  will  dictate  size  and  configuration  of  th»  cold 

■  TT"  2;  COia  with  hHi 

power  densities  and  cosg-onont  iwickaging,  its  use  in  military  avionics  is 

l"  th“  COO“n'!  •»«  fro.  th. 

ponent  is  removed  by  conduction  and  convection. 

.  f°.r  *°untin9  joint  of  the  component,  conduction  and 

'  "  !  [  n  °f  ha-t  tra,1"f,‘r  can  ^ite  accurately  predicted, 

which  is  an  important  item  in  thermal  control  system  design.  Since  heat 
is  removed  from  the  active  components  by  metallic  conduction,  this 
packaging  technique  can  be  used  in  unpressurized  aircraft  cquirment  bays 
w  thout  noticeable  effect,  upon  cgui.seent  thermal  performance.  ln\Z 
ca.e  of  air  cooling,  on*  of  the  main  advantage,  of  cold  plate.  is  to 
prevent  the  electronic  equipment  from  having  direct  contact  with  the 
moisture,  smoke,  and  dust  contained  in  the  cooling  air. 

lmmn  COld  Plat*  or  indirect  cooling  alto  has  other  advantage,  over 
°r  dir*ct  cooling,  particularly  when  liquid  coolant,  are  used. 

Tfl  /,r?  ‘r  accc“ibllity  for  maintenance,  less  possibility 

of  fouling  equipment  with  the  coolant,  less  handling  of  coolants  since 

ibiH?0lrt“  C>*n  **?  COntainwd  in  *  completely  closed  system,  and  the 
ability  to  use  coolants  that  have  good  thermal  properties. 

and  ^  *  aiVid°d  int°  two  categories,  liquid- 

and  air  cooled  cold  plates.  The  most  significant  difference  between 

^n*9?  ;  U  th€  “y  hCat  U  tr4n,ferred  into  the  coolant 

^  ? I*ir'?00led  001(1  «  l-rge  surface  area  is  ox- 

Un  r?  a  •trcam'  ln  tho  case  of  liquid  cooling  the 

ff  Wf[I  ^confined  in  a  rather  small  conduit.  This  means  that 
P  actically  all  the  heat  generated  by  the  equipment  must  bo  transferred 
thiough  the  plate  by  conduction  to  the  liquid  conduit.  Particularly 

floll  passages?1*4  ^  "l9ht  dictat9  diff«re"t  arrangement,  of  the 

ffi  yhVlr‘COOUd  001:1  plateB'  because  of  the  sm.il  1  heat-transfer  co- 
^  H  :  rv  provided  with  lar9«  surface  areas.  These  can  be 
achieved  with  finned  surfaces.  Doth  conduction  and  convection  mode,  of 
heat  transfer,  therefore,  occur  throughout  the  entire  heat-flow  path. 

.  cold-plate  cooling  system,  the  electronic  equipment  waste 

h  at,  dissipated  on  the  mounting  surface  of  the  plate,  must  bo  trans¬ 
ferred  by  convection  to  the  coolant  stream  circulated  throuqh  the  pas¬ 
sage  of  the  cold  plate.  The  two  main  equations  involved  in  cold  plate 
design  are  (1)  the  rate  equation 
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(226) 


Q  •  hA  (At) 

m 


and  (2)  the  energy  equation 


0  ’  wcp  (l.  '  *■•) 


(227) 


where 


At  -  At 

in  JKt  it i  )  (220) 

I  7 


h  *  heat  transfar  coefficient,  Btu/hr  ft*  °F 

A  •  heat  transfer  surface  area,  ft* 

At,,  »  log  Mean  temperature  difference  between  the  plate  and  coolant, 
°F 

Atj  -  temperature  difference  between  fluid  and  plate  at  one  end,  °F 

Atj  •  temperature  difference  between  fluid  and  plate  at  the  other 
end,  *F. 

In  most  cases,  however,  the  arithmetic  average  temperature  dif¬ 
ference  can  be  used  for  preliminary  analysis. 

Figure  44  shows  a  simplified  outline  of  a  cold  plate  with  its 
temperature  profile. 

It  can  be  seen  from  equations  226  and  227  that  heat  dissipated  by 
the  plate  must  equal  the  heat  absorbed  by  the  coolant,  or 


Q 


hA  (At)  ■  wc 
m  p 
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and 


COOLANT  IH-m- 
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Figure  44.  Outline  of  a  Cold  Plate  and  Ita  Temperature  Profile 
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If  the  heat  dissipation  rat#  and  coolant  inlet  tenqwtrature  are 
known,  the  Mean  temperature  of  th#  plate  can  be  determined  from 
equation  pog . 

For  an  air  cooled  cold  plate  with  a  finned  core,  the  overall 
surface  efficiency,  n,.  must  be  introduced  into  the  rate  equation 


Q  r.  All  (At) 

m 

where 

A  •  A.  ♦  A  +  A  and 

b  f  c 

H,  *  weighted  overall  surface  efficiency 

n.A  -  a.  ♦  n  a  ♦  n  a 

b  ft  t;  c 

and 

"•  *  * '  r  ('  -  nt)  -  r  ('  -  "c) 

A  »  total  heat  transfer  surface  area 
Af,  ■  mounting  base  surface  aroa 
Af  ■  fin  surfaco  area 
Ac  ■  surface  aroa  of  cover  plate 
Hf  -  fin  efficiency 
nc  ■  efficiency  of  cover  plate 
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Hie  efficiency  of  the  mounting  plate  is  assumed  to  be  unity. 


The  forced-convection  heat-transfer  coefficients  depend  on  flow 
regimes  and  types  of  coolants,  and  can  vary  within  a  very  wide 
range.  The  coolant  flow  rate,  however,  must  be  based  on  equipment 
thermal  requirements,  pressure  drop,  and  allowable  acoustic  noise 
level,  and  can  also  vary  within  a  wide  range.  From  the  heat-trans¬ 
fer  standpoint,  there  is  an  advantage  in  selecting  the  turbulent 
flow  regime  which  improves  the  convection  heat-transfer  coefficient. 
Treasure  drop  requirements  and  noise  level,  however,  will  impose 
limitations  in  the  selection  of  too  high  Reynolds  numbers. 

In  the  case  of  rectangular  cross  sections,  the  diameter,  D,  in 
both  the  Reynolds  and  husselt  expressions,  rauat  be  replaced  by  the 
hydraulic  diameter,  Dh. 


Flow  Area 
Ter l meter 


Tn°‘?‘  nuM*r'  VDhf,/l1'  >•  *1-0  found  to  bo  upproxl- 
roately  2300,  as  for  circular  ducts. 

It  must  be  pointed  out  that  all  the  equations  are  derived  for 
ully-doveloped  flow  which  will  never  occur  in  an  actual  cold  plate. 
When  heat-transfer  coefficient,  for  duct,  are  determined,  two  other 
simplifications  are  introduced,  i.e.,  constant  surface  temperature, 
and  constant  heat  rate  per  unit  of  duct  length.  These  simplifica¬ 
tions  will  never  occur  in  an  actual  cold  plate.  It  should  be  fur- 
ther  emphasized  that  a  high  Reynolds  number  is  not  a  guaranty  of  a 
high  heat-transfer  coefficient.  In  addition  to  high  velocity,  a 
smaH  diameter  is  also  required;  this  condition  is  known  as  the 
Itolland-Tunnel  effect. 


More  detailed  discussions  about  heat  transfer  from  finned 
surfaces  can  be  found  in  Section  VII. 
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SECTION  XV 


DESCRIPTION  OF  TEST  EQUIPMENT 
AND  APPARATUS 


a.  Liquid-Cooled  Cold  Plates 

Liquid-cooled  cold  plates  of  three  different  designs  were  fabri¬ 
cated  and  tested.  Cold  Plate  Nos.  1  and  2  were  made  of  aluminum  (6061- 
T6) ,  while  Cold  Plate  No.  3  was  made  of  copper.  Power  transistors  and 
resistors  were  used  as  the  heat  load,  and  the  thermal  tests  were  per¬ 
formed  on  a  hydraulic  test  bench  equipped  with  a  gear  pump,  a  water- 
cooled  heat  exchanger,  flow  meters,  and  flow  control  valves.  The  cool¬ 
ant  used  in  the  system  was  a  solution  of  approximately  60-percent  ethy¬ 
lene  glycol  and  40-perccnt  water.  The  thermal  tests  were  performed  at 
different  electrical  power  dissipation  rates  from  the  electronic  com¬ 
ponents  and  different  coolant  flow  rates.  Temperature  measurements  were 
performed  using  430-gagc  coppcr-constantan  thermocouples  inserted  and 
secured  into  small  holes  drilled  in  the  mounting  plate  and  components. 
The  temperature  readings  were  taken  by  multichannel  recorders.  Thermal 
[performance  of  the  cold  plates  was  determined  analytically  by  computer 
techniques  (R-C  networks),  then  compared  with  actual  test  results. 

1.  Liquid-Cooled  Cold  Plate  No.  1 

Figure  45  shows  the  experimental  liquid-cooled  Cold  Plate  No.  1. 

Two  of  the  power  transistors  were  of  the  type  2N3846,  five  power  trans¬ 
istors  of  the  type  2N1724,  and  four  resistors  of  the  type  RER  65.  The 
electronic  components  were  mounted  to  th»*  cold  plate  with  bolt  torques 
recommended  by  the  manufacturers.  Figure  46  shows  the  mounting  ar¬ 
rangement  of  a  power  transistor. 


Figure  46.  Transistor  Mounting  on  Liquid-Cooled  Cold  Plate  No.  1 
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One  of  the  transistor*  and  two  resistors  were  mounted  on  a  1  x  1  x  1/8 
inch  angle  bracket  bolted  to  the  cold  plate.  The  temperature  drop 
across  the  component  mounting  joints  and  temperature  distribution 
throughout  the  plate  wore  measured  at  the  locations  shown  in  Pigure  45. 

Figures  47,  48,  and  49  show  the  R-C  networks  of  the  mounting  plate, 
the  bracket,  and  tho  coolant  flow  passage,  respectively. 

Determination  of  the  thermal  resistances  has  already  been  dis¬ 
cussed.  However,  because  of  the  problems  associated  with  conve  tion 
heat  transfer,  determination  of  the  convection  resistances  was  based  on 
heat-transfer  coefficients  computed  from  different  equations  and  ana¬ 
lytically  predicted  temperatures  compared  with  actual  test  results. 

Assuming  a  coolant  flow  rate  of  w-100  lb/hr,  we  can  determine  the 
flow  regime  from  the  Reynolds  number  (Eg.  12) 


Re  * 


DUo 


ti 


where 


V  w 

U  »  — ,  and  V  *  — 
A  p 


The  volume  flow  rate  is 


V 


100 

66.3 


1.51  ft ’/hr 


Flow  area  is 


A  -  (0.305)*  -  0.073  in*  -  C.  000506  ft* 


Flow  velocity  is 


U  - 


V 

A 


1.51 

0.000506 


2980  ft/hr 


or 
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Figure  47.  R-C  Network  of  Liquid-Cooled  Cold  Plate 


Figure  48.  R-C  Network  of  Mounting  Bracket  for  Liquid-Cooled 
Cold  Plate  No.  1 


Network  of  Coolant  Flow  Passage  for  Liquid-Cooled 
I  Plata  Ho.  1 


U  -  0.83  ft/sec 


Consequently,  the  Reynold*  number  i*  found  to  bo 


Re  - 


0.0254(0.83)  (66.  3) 

o7o028  '  500 


The  Reynold*  number  indicate*  a  laminar  flow  regime  and  determination  of 
the  Vusaelt  nunlx  r  must  be  baaed  on  equation*  for  such  a  flow  rcgiswt. 

lor  laminar  flow  and  moderate  temperature  difference*  between  the 
wall  and  coolant,  a  modified  Sieder-Tate  equation  is  widely  used  to  de¬ 
termine  the  Mussel t  number  (Eq.  IRa) 


Nu  »  1.86 


Pr 


>/» 


where 


rr  • 

k  0.223 


3  J.  4 


Substituting  values,  we  determine  that 

S’u  -  1.86|  (500)  (33.4)  (0.0254/2)]  */*  .  ll,  and  that 

H  "  HU  d  *  11  (  ?io254  )  -  96*5  Dtu/hr  ft*°F 


A  heat-transf er  coefficient  of  h*100  Btu/hr  ft“*F  was  used  in  the  pre¬ 
liminary  analysis.  When  the  actual  test  results  were  compared  with 
analysis,  it  was  discovered  that  the  heat-transfer  coefficient  deter¬ 
mined  by  equation  18a  was  too  low,  and  the  predicted  plate  tesiperaturcs, 
therefor*  were  too  high. 

itext,  the  heat-transfer  coefficient  was  determined  by  the  equation 
recommended  by  McAdams 
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Ku  ,  o.2  (  ) 


(233) 


Substituting  values,  we  obtain 


Nu  •  0.2 


100(0.745) 

0.223(2) 


• .  J 


17.3 


h 


17.  3 


0.223 

0.0254 


150  Dtu/hr  ft*’F 


When  this  value  was  used  in  determining  the  convection  resistances,  a 
»uch  closer  agreement  between  analysis  and  actual  test  data  was  achieved. 
It  should  be  noted  that  Equation  233  is  valid  only  if  *CrVkL  exceeds  30, 
and  the  Reynolds  number  is  less  than  2100.  K 

Figure  50  shows  the  comparison  between  test  results  and  analysis  of 
temperature  distribution  across  the  plate  when  heat-transfer  coeffi¬ 
cients  of  h-100  and  150  Dtu/hr  ft,#F  were  used  in  determining  the  con¬ 
vection  resistances.  Only  transistors  *1  and  »2  were  energized t 
j  watts  each.  The  errors  introduced  in  temperature  predictions,  by 
electing  heat-transfer  coefficients  obtained  from  equations  which  do 

not  apply  to  a  specific  fluid  or  specific  test  conditions,  can  be 
clearly  seen. 

A  total  of  fourteen  different  tests  were  performed  on  Cold  Mate 
No.  1.  Twelve  were  steady-state  tests,  while  two  were  transient  tests. 

To  reduce  environmental  effects  upon  thermal  performance  of  the  cold 
plate  and  to  simplify  analysis,  all  the  tests  were  performed  with  the 
p  ate  insulated  (approximately  1-1/2  in.  of  fiberglass  insulation). 

Mica  washers  and  Dow  Corning  340  silicone  heat-sink  compound  was  used  on 
all  transistor  mounting  joints.  The  heat-sink  compound  was  also  applied 
to  the  resistor  and  bracket  mounting  joints.  Only  case  temperatures  of 
th<  transistors  were  measured;  the  junction  temperatures  were  determined 
from  data  published  by  the  manufacturer.  For  example,  the  2N3846  trans¬ 
istor  maximum  junction-to-case  thermal  resistance  is  given  as; 
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electrical  power  dissipation 


*  -  0. 5®C/watt, 


and  that  of  the  2H1724  transistor  is: 


1 . 5*C/watt. 


If  the  case  temperature  is  known  (it  car.  be  ea.ily  measured).  the  junc¬ 
tion  temperature  can  be  determined  from  Equation  3i 


t  t  PR, 
c  j-c 


where  t^  -  the  junction  temperature  of  the  tranaiator 
tc  *  the  case  temperature  of  the  tranaiator 
P  ■  the  electric  power  dissipation,  watta. 

Table  0  aumarize,  all  the  teat  conditiona.  Temperature  reading. 
of  th.  thermocouple,  le.t.lle<i  on  the  plate  and  electronic  continent. 

(a  ahown  in  Figure  45)  are  contained  in  Appendix  A. 

*■  i -lures  51,  52,  53,  and  54  Bhow  temperature  distribution  of  the 

Lnd  In C°"difioni  indicat«'d-  Comparison  between  experimental 
^nd  analyticai  result,  is  also  ahown  by  plotting  the  analytically  pre¬ 
dicted  temperature,  along  the  same  section  of  the  plate.  As  can  be 
aeen,  a  good  agreement  between  the  predicted  and  measured  result,  was 
achieved.  The  maximum  deviation  amounts  to  approximately  5#F  which  can 
F*  considered  .mail.  The  results  indicate  that  the  R-C  network  com¬ 
puter-analysis  technique  can  provide  accurate  thermal-performance  pro¬ 
vided?"  °  C°  P  ^  •ufficion-1y  -ccurate  input  data  are  pro- 

Figure  55  shows  case  temperatures  of  some  of  the  transistors  and 
resin  ora  a*  a  function  of  coolant  flow  rate.  Electrical  power  dissipa- 
lon  from  the  components  was  maintained  constant  throughout  the  tests. 

The  results  show  decreased  component  temperatures  with  increased  coolant 
l  x  iB  ‘elf-cxPlanatorY  (increased  convection  heat-trans- 
An.  Th°  Urgo  temperature  difference  between  the  bracket 

and  f late-mounted  component,  is  apparent,  and  shows  the  disadvantages  of 
bra  ket  mounting.  Even  though  Transistor  17  dissipated  halt  tho  elec¬ 
tric  power  that  Transistor  #5  dissipated,  the  temperature  of  Transistor  »7 
was  approximately  40?F  higher. 
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-TEST  COHO  IT  ION  #9 


Figure  55.  Component  Case  Temperature  vs  Coolant  Flow  Rate  foi 
Liquid-Cooled  Cold  Plate  No.  1 
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Because  of  the  smaller  power  dissipation  rate,  the  bracket  and 
plate-mounted  resistors  did  not  show  large  temperature  differences.  The 
different  slopes  of  the  temperature  charts  can  be  explained  by  the 
different  conduction  resistances.  When  the  conduction  resistance  was 
significantly  larger  than  the  convection  resistance,  the  changes  in  con¬ 
vection  resistance  did  not  have  a  significant  effect  upon  the  rate  of 
temperature  change  of  the  component.  A  lower  thermal  resistance  can 
experience  a  relatively  large  change  without  significantly  affecting  the 
temperature  of  the  component.  Increasing  the  coolant  flow  rate  from 
50^ lb/hr  to  200  lb/hr  caused  a  maximum  temperature  reduction  of  only 
20°F.  The  heat-transfer  coefficient  was  increased  from  132  Btu/hr  ft*°F 
to  174  Btu/hr  ftJ*F. 

It  has  been  shown  that  the  temperature  distribution  of  the  cold 
plate  can  bo  accurately  predicted.  The  next  and  most  difficult  task  is 
predicting  component  temperatures  which  involve  the  determination  of 
mounting- joint  thermal  resistance.  This  is  particularly  difficult  when 
insulating  washers  must  be  used.  In  such  a  case,  it  is  practically 
impossible  to  obtain  results  of  reasonable  accuracy  by  analytical  tech¬ 
niques.  The  best  approach  is  the  use  of  manufacturer's  data,  if  avail¬ 
able,  or  a  literature  search  for  similar  mounting  conditions. 

Table  9  presents  the  thermal  resistances  of  all  seven  transistor 
mounting  joints.  The  resistances  were  determined  from  temperaturo  and 


Table  9.  Thermal  Pesistan  es  of  Transistor 
Mounting  Joints 


MICA  WASHERS  AND  GREASE  WERE  USED  ON  ALL  MOUNTING  JOINTS 


electrical  power  dissipation  rate  measurements,  using  the  following 
expression: 


148 


(234) 


where  At  -  the  temperature  differential  between  the  transistor  case 
and  mounting  surface  of  the  plate,  ®F  or  °C 

Q  -  the  electrical  power  dissipation  by  the  transistor,  watts. 

As  already  indicated,  mica  washers  and  Dow  G.rning  340  silicone  heat- 
link  compound  was  used  on  all  mounting  joints.  Regardless  of  the  condi¬ 
tion  that  the  same  mounting  techniques  was  used  for  all  sisiilar  transis¬ 
tors,  there  was  a  difference  in  thermal  resistances.  A  particularly 
laigo  resistance  was  observed  at  the  Transistor  »7  mounting  joint.  This 
condition  was  probably  caused  by  the  mounting  bracket  which  was  made  of 
thinner  material  with  an  unfinished  surface.  The  mica  washers  were  not 
of  the  same  thickness.  This  condition  could  have  caused  variations  in 
the  joint  thermal  resistance.  The  different  electrical  power  dissipa¬ 
tion  of  each  of  the  transistors  could  have  been  another  cause.  It  is 
the  haracteristic  of  a  transistor  that  a  temperature  increase  causes  a 
current  increase.  It  is  obvious  that  transistors  provided  with  larger 
studs  and  mounting  surfaces  will  have  lower  resistances.  These  are  the 
reasons  why  the  mounting- joint  thermal  resistances  of  Transistors  #1  and 


Table  10  presents  the  thermal  resistances  of  the  resistor  mounting 
Joints,  determined  by  procedures  similar  to  those  used  for  transistors. 
No  electrical  isolation  was  used,  and,  because  of  the  small  fastener 
sire,  the  mounting  torque  was  not  controlled.  Heat-sink  compound  was 
applied  to  all  mounting  surfaces.  Variations  in  mounting- joint  thermal 

wC*i?r!nC*“  value  approximately  30'.)  could  have  been  caused 

by  differences  in  mounting  torque,  surface  conditions,  and  the  applica¬ 
tion  of  heat-sink  compound. 


Table  10.  Thermal  Resistances  of  Resistor 
Mounting  Joints 


RESISTOR 

NO. 

HR  °F/BTU 

“f/watt 

°C/WATT 

1 

0.27 

0.92 

0.52 

2 

0.23 

0.77 

0.42 

3 

0.25 

0.85 

0.47 

4 

0.29 

1.00 

0.55 

DOW  CORNING  340  SILICONE  HEAT-SINK  COMPOUND  WAS  USED  ON 
ALL  MOUNTING  JOINTS 


Since  reliability  and  performance  characteristics  of  elec¬ 
tronic  equipment  (particularly  semiconductor  devices)  depend  on  tem¬ 
perature,  it  is  important  to  determine  temperature  at  the  most  critical 
location;  this  at  the  junction  for  transistors.  Table  11  presents  the 
junction  temperatures  of  all  seven  transistors.  These  temperatures  wore 
obtained  from  test  conditions  Nos.  10,  11,  and  12. 


Table  11. 


Computed  Transistor  Junction  Temperatures 


Tr.fcT 

NO. 


JUNCTION  TEMPERATURE  OF  TRANSISTORS,  *C 


TR  *1 


TR  *2 


TR  S3 


TR  »4 


TR  *5 


TR  *6 


TR  »7 


10 

11 

12 


121.5 
118 

107.5 


122 

115 

106.5 


153.5 

147 

142 


153.5 

148.5 
143 


153.5 
148 

141.5 


154 

146 

141 


145 

140 

134 


Af  can  be  concluded  from  the  table,  the  junction  temperatures  of 
all  of  the  transistors  were  within  safe  operating  lisiits  (below  175*C). 
However,  when  high  equipment  reliability  is  a  requirement,  power  dissi¬ 
pation  from  Transistors  #3,  4,  5,  6,  and  7  must  be  reduced;  or  the  cold 
plate  must  be  redesigned  to  provide  smaller  resistances  in  the  heat-flow 
path.  Another  conclusion  can  be  drawn  from  the  datai  a  significant  in¬ 
crease  in  coolant  flow  rate  (400%)  will  cause  a  small  reduction  in  Junc¬ 
tion  temperature.  This  conclusion  can  be  deduced  from  the  large  conduc¬ 
tion  resistance,  as  compared  to  convection  resistance.  Even  though  a 
large  change  in  convection  heat  transfer  takes  place,  its  change  will 
not  greatly  affect  the  total  resistance. 

To  obtain  some  idea  of  the  time  lag  of  such  a  cold  plate,  two 
transient  tests  were  performed  by  stepwise  electrical  power  input 
changes.  Figure  56  shows  a  condition  when  Transistors  #1  and  12  were 
turned  on  and  off  within  a  20-minuto  period  (10  minutes  on  and  10  min¬ 
utes  off).  Figure  57  shows  condition  when  all  the  electrical  power  was 
turned  on  and  off  within  a  20-ninute  period  (10  minutes  on  and  10  min¬ 
utes  off).  Because  of  the  high  heat-transfer  coefficient  and  low  ther¬ 
mal  capacity  of  the  cold  plate,  the  rate  of  temperature  change  of  the 
cosgxjnents  was  quite  rapid.  Such  conditions,  when  repeated  more  often, 
will  affect  equipment  reliability.  The  rate  of  temperature  change  can 
be  retarded  by  Increasing  the  thermal  mass  of  the  cold  plate. 

The  correlations  between  analytical  and  experimental  results  in¬ 
dicate  an  Important  item.  When  the  cold  plate  is  divided  into  nodes, 
care  must  be  exercised  in  selecting  the  proper  sire  of  the  nodes,  parti¬ 
cularly  around  the  locations  of  the  concentrated  heat  loads.  Figure  58 
ihows  the  preliminary  R-C  network  of  the  cold  plate,  and  Figure  59  chows 
the  comparison  between  analytical  and  experiswintal  temperature  distribu¬ 
tion.  The  figure  shows  the  trend  in  temperature  increase  around  the 
areas  of  concentrated  heat  loads.  The  crude  nodes  around  the  concen¬ 
trated  heat  loads  did  not  represent  the  proper  heat-flow  path  causing 
the  errors  in  temperature  distribution. 


warn 


150 


2  SO 


2. 


Liquid-Cooled  Cold  Plate  Ho.  2 

Figure  60  shows  the  experimental  liquid-cooled  Cold  Hate  Ho.  *. 

The  cold  plate  was  made  of  aluminum  and  provided  with  parallel  internal 
a.  shown  In  the  figure.  A  total  of  six  power  tran.Utor. 
and  four  resistors  were  mounted  on  the  cold  p  at.  a.  «ho«n. 
f’  and  12  were  type  2N3846»  transistors  #3,  »<,  and  *6  were  tyjx 
2*1724,  and  the  Resistors  were  type  KLR  65.  Temperature  measurements 
throughout  the  plate  were  made  at  the  locations  Indicated. 

Figures  61  and  62  show  the  R-C  networks  of  the  plate  and  the  cool¬ 
ant  flow  passages,  respectively.  Also,  for  this  plate  only, ,  the  heat- 
transfer  coefficients  of  the  flow  passages  were  determined.  As  the 
plate  had  two  hole  sizes,  the  heat-transfer  coefficients  w**‘Vj*5*r"lned 
for  each  of  tne  two  hole  sizes.  Since  the  equation  recommended  by 
McAdams  previously  provided  the  most  accurate  results  for  the  coolant 
used,  the  same  equation  was  used 


•  .  7 


Nu 


,2((S) 


For  a  coolant  flow  rate  of  w  -  100  lb/hr,  the  average  heat-transfer  co 
efficient  of  the  5/16-dlameter  hole  was  determined  to  bo« 


h  -  140  Btu/hr  ft2oF 


and  that  of  the  5/32-diamcter  hole  was  determined  to  bet 


h  -  300  Btu/hr  fti0F. 


These  values  were  used  for  determining  the  convection  resistances  In 
analytical  temperature  predictions. 


A  total  of  twelve  steady-state  tests  at  various  heat  loads  and 
coolant  flow  rate,  were  performed  on  Cold  Plate  No.  2.  Allot  the  test 
data  presented  were  obtained  with  the  plate  insulated.  Mica  washers  and 
Dow  Corning  heat-sink  compound  were  used  on  all  transistor 
Joints.  Only  heat-sink  compound  was  used  on  resistor  mounting  join  s. 
However ,  to  Investigate  the  effect,  of  mica  we.her.^stud  torque,  and_ 
the  application  of  the  heat-sink  compound,  some  of  the  tests  vcrc  per 
formed  without  mica  washers,  without  heat-sink  compound,  and  at  dlf 
ferent  stud  torques. 
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Network  of  Coolant  Flow  Passages  for  Liquid-Cooled 
.  Plate  No.  2 


Table  12  suanarizes  all  the  teat  conditions.  Temperature  readings 
of  the  thermocouples  installed  on  the  plate  and  electronic  components 
(as  shown  in  Figure  60)  are  contained  in  Appendix  A. 

Figures  63,  64,  and  65  show  the  temperature  distribution  of  the 
plate  at  the  test  conditions  indicated.  Comparison  between  experimental 
and  analytical  data  is  also  made.  The  maximum  deviation  of  approxi¬ 
mately  7  r'  occurs  at  test  condition  9  (maximum  heat  load).  This  value 
amounts  to  an  error  of  less  than  6  percent,  which  can  be  considered 
imall.  Some  inconsistencies,  however,  between  the  experimental  and 
analytical  data  should  be  noted.  With  lower  heat  loads,  the  analyti¬ 
cally  predicted  temperatures  were  lower  than  those  measured.  With 
higher  heat  loads,  they  were  generally  higher  than  those  measured.  This 
condition  was  probably  caused  by  the  convection  heat-transfer  coeffi¬ 
cient  chances  with  temperature.  The  heat-transfer  coefficients  of 
liquids  increase  with  tcrar>erature.  This  is  particularly  true  for  li¬ 
quids  of  high  viscosity.  The  accuracy  of  prediction  couid  be  improved 
by  selecting  small  nodes  around  the  areas  of  the  concentrated  heat 
loads,  and  accounting  for  coolant  property  changes  with  tercpe-ature. 

Figure  66  shows  case  temperature  changes  of  some  of  the  electronic 
components  as  a  function  of  coolant  flow  rate  changes.  The  electrical 
power  dissipation  from  the  components  was  maintained  constant  throughout 
the  rcst8.  The  large  temperature  differences  among  the  transistors  can 
be  explained  by  differences  in  the  thermal  resistances  of  the  mounting 
joints.  Table  13  shows  this  condition.  Different  slopes  of  the  tem¬ 
perature  changes  among  the  transistors  can  also  be  observed.  This 
condition  can  be  explained  by  the  different  thermal  resistances  in  the 
conduction  h^at-transfer  path.  The  larger  conduction  resistance  reduced 
the  effects  of  the  convection  heat-transfer  coefficient  changes. 


Table  13.  Thermal  Rcristances  of  Transistor  Mounting  Joints 
(Cold  Plate  No.  2) 


TRANSISTOR 

NO. 


HR  aF/nTU 

°F/WATT 

°C/WATT 

0.34 

1.14 

0.64 

0.  32 

1. 10 

0,60 

0.59 

2.01 

1.12 

0.75 

2.56 

1 .43 

0.59 

2.01 

1.12 

0.49 

1.67 

0.93 

1 

2 

3 

4 

5 

6 


Figure  67  shows  transistor  case  temperature  changes  as  a  function 
of  electrical  power  dissipation  rate  changes.  The  temperature  charts 
show  a  slight  deviation  from  the  linear  slope.  This  can  be  caused  by 
increased  heat  losses  and  increased  convection  heat-transfer  coeffi¬ 
cients  with  an  increase  in  the  temperature  of  the  plate. 
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Figure  63.  Temperature  Distribution  of  Liquid-Cooled  Cbld  Plate 
No.  2  at  Test  Condition  Nos.  1  thru  3 


TEST  CONDITION  #6 


at  Test  Condition 


TEMPE 


COOLANT  FLOW  RATE,  LB/HR 

Figure  66.  Component  Case  Temperature  vs  Coolant  Flow  Rate  for 
Liquid-Cooled  Cold  Plate  No.  2 

j 
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As  already  mentioned,  Table  13  presents  the  thermal  resistances, 
determined  from  temperature  and  electrical  power  dissipation  rato  mea¬ 
surements,  of  the  transistor  mounting  joints.  While  the  mount ing- joint 
thermal  resistance  of  the  larger  transistors  was  practically  the  same,  a 
significant  variation  can  bo  observed  among  the  smaller  transistors. 

For  example,  a  variation  of  approxiavttely  50  percent  occurs  between 
Transistors  14  and  *6.  This  variation  was  probably  caused  by  the  dif¬ 
ferent  thicknesses  of  nice  washers. 

Table  14  presents  the  thermal  resistances  of  resistor  mounting 
joints.  The  high  sount ing- joint  thermal  resistance  of  Resistor  *1  was 
caused  by  a  damaged  tapped  hole. 


Table  14.  Thermal  Resistances  of  Transistor  Mounting  Joints 
(Cold  Plate  No.  2) 


NO. 

HR  °F/BTU 

°F/WATT 

•C/WATT 

1 

0.56 

1.92 

1.07 

2 

0.  36 

1.23 

0.68 

3 

0.32 

1.07 

0.60 

4 

0.  32 

1.07 

0.60 

Figures  68  and  69  show  the  mounting- joint  thermal  resistances  of 
Transistor  #1  as  a  function  of  stud  torque  and  the  following  test 
conditions: 

(1)  Mounting  joint  without  mica  washer  and  without  heat-sink  com¬ 
pound. 

(2)  Mounting  joint  without  mica  washer,  but  heat-sink  compound 
applied  to  all  mating  surfaces. 

(3)  Mounting  joint  with  0.0025-inch  mica  washer,  but  without  heat¬ 
sink  compound. 

(4)  Mounting  joint  with  0.0025-inch  mica  washer  and  heat-sink 
compound  applied  to  all  mating  surfaces. 

From  the  data  presented  in  the  figures,  the  following  conclusions 
were  drawn: 

(1)  Application  of  the  mica  washer  caused  a  significant  increase 
in  the  sounting- joint  thermal  resistance. 
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THERHAL  re si stance. *c/ matt 
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THERMAL  RESISTANCE.  *C/WATT 


4 


Figure  69.  Thermal  Resistance  of  Transistor  *1  Mounting  Joint  vs 
Stud  Torque  (with  Mounting  Hasher) 
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(2)  Heat-sink  compound  applied  to  the  sating  surfaces  signifi¬ 
cantly  reduced  the  Joint  thermal  resistance. 

(3)  The  stud  torque  had  a  very  limited  effect  upon  the  Joint 
thermal  resistance  wh^n  heat-sink  compound  was  used. 

3.  Liquid-Cooled  Cold  Plate  No.  3 

Figure  70  shows  the  experimental  liquid-cooled  Cold  Plate  No.  3. 
The  cold  plate  was  made  of  copper  and  provided  with  an  internal  coolant 
flow  channel.  A  total  of  six  transistor  mounts,  as  shown  in  Figure  71, 
provided  finished  mounting  surfaces.  The  electronic  equipment  counted 
to  the  plate  consisted  of  two  2N389G  transistors  (TR  #1  and  #6) ,  two 
2N1724  transistors  (TR  *2  and  #5),  one  2N27S1  transistor  (TR  »3),  and 
one  2N2109  transistor  (TR  14).  Temperature  measurements  through  the 
plate  were  made  at  the  locutions  indicated  in  Figure  70. 


Figure  71.  Transistor  Mounting  on  Liquid-Cooled  Cold  Plate  No.  3 

Figures  72  and  73  show  the  R-C  networks  of  the  plate  and  coolant 
flow  channel,  respectively.  As  the  coolant  flow  channel  is  not  circular 
in  this  cold  plate,  the  hydraulic  diameter,  Dj,,  must  be  used  in  the 
Reynolds  and  Nusselt  number  expressions 


Where  A  ™  the  flow  area,  ft* 

P  -  the  perimeter  of  the  channel,  ft. 
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tin  fl  iw  -  hannel  here  was  interrupted  by  the  transistor  rc>unts,  the re - 
forn,  some  average  width  was  assumed.  The  flow  area,  A,  was  determined 
to  be  approximately  0.00108  ft*  and  the  hydraulic  diameter,  Dj,,  was 
f'iund  to  be  0.019  ft.  With  a  coolant  flow  rate  of  w  -  100  lb/hr,  the 
Reynolds  number.  Re,  was  determined  to  be  195.  As  the  'low  channel  of 
this  cold  plate  was  more  complex,  it  was  doubtful  if  any  of  the  standa»d 
cexth  forced-convection  equations  would  fit  this  particular  con¬ 
figuration.  The  heat-transfer  coefficients,  therefore,  were  determined 
/  j  ing  both  the  Sieder-Tate  and  McAdams  equations  and  the  computed 
values  uied  in  the  analytical  predictions.  As  with  the  previous  cold 
Plates,  the  Sieder-Tate  equation  qave  too  low  of  values  for  the  h*at- 
transfer  coefficients  (h  -  105  Btu/hr  ft'V),  while  the  McAdams  equation 
gave  too  high  of  values  (h  -  235  Btu/hr  ft,#F>.  It  was  determined  that 
a  hoat-cransfer  coefficient  value  of  h  -  150  Btu/hr  ft**F  provided  a 
compromise  between  the  experimental  and  analytical  data.  All  the  com¬ 
parisons,  therefore,  were  based  on  this  heat-transfer  coefficient.  The 
reason  for  this  inconsistency  can  probably  be  based  on  fin  effects.  The 
heat-transfer  coefficients  along  a  fin  are  not  constant,  but  their  value 
changes  along  the  fin.  The  same  phenomena  was  also  observed  with  the 
air-cooled  cold  plates. 


Table  15  summarizes  all  the  test  conditions.  Temperature  readings 
of  the  thermocouples  installed  on  tho  plato  and  electronic  components 
(as  shown  on  Figure  70)  are  contained  in  Appendix  A. 

Figures  7 4  and  75  show  temperature  distribution  of  the  cold  plato 
at  the  test  conditions  indicated.  Comparison  between  experimental  and 
analytical  data  was  made  by  using  the  heat-transfer  coefficient  of 
h  l^u  Btu/hr  ft  F.  The  results  show  a  good  agrocracnt  between  the 
experimental  and  analytical  data.  A  maximum  deviation  of  only  5°F  oc¬ 
curred  at  the  concei  trated  heat  load. 

Figure  70  shows  transistor  case  temperature  changes  as  a  function 
of  coolant  flow  rate  changes.  By  increasing  the  coolant  flow  rate  from 
lb/hr  to  200  lb/hr,  a  maximum  case  temperature  reduction  of  only  24°F 
was  acnievod.  The  gain  was  small  wnen  tho  coolant  flow  rate  was  in¬ 
creased  from  100  lb/hr  to  200  lb/hr.  No  practical  gain  at  all  would 
probably  be  achieved  by  increasing  tho  flow  rate  further.  Because  of 
electrical  power  limitations  in  aerospace  vehicles,  the  coolant  flow 
ra*e  must  be  kept  as  low  as  possible.  If  component  temperatures  must 
ue  reduced,  it  would  bo  more  advantageous  to  reduce  resistances  in  the 
conduction  heat- transfer  path. 

Figure  77  shows  transistor  case  temperature  changes  as  a  function 
of  clerical  power  dissipation  rate.  The  different  rates  of  tempera¬ 
ture  changes  were  caused  by  the  different  mount ing- joint  thermal  re¬ 
sistances.  The  figure  is  self-explanatory;  it  indicates  the  temperature 
increase  of  electronic  components  with  increased  electrical  power  dissi¬ 
pation. 
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CONDITION  *1 


NOTES:  1)  COOLANT  FLOM  RATE  100  LB/MR 
2)  COOLANT  INLET  TEMP.  65'F 

o  EXPERIMENTAL  DATA 


COHOITION 


ELECTRICAL  POWER  DISSIPATION,  WATTS 

Figure  77.  Component  Cene  Temperature  v»  Electrical  Power  Diaaipation 
for  Liquid-Cooled  Cold  Plate  Ho.  3 
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To  investigate  the  effects  of  mica-washer  thickness  upon  transistor 
sour,  ing- joint  thermal  resistance,  washers  of  different  thicknesses  were 
selected  and  u  ,ed  in  mounting  transistor  *2  (2N1724).  The  mica-washer 
thicknesses  selected  were  0.0025  inches,  0.0040  inches,  and  0.0080 
inches.  A  stud  torque  of  20  in-lb  wa,  used  in  all  tests,  and  the  heat¬ 
sink  compound  was  *11  lied  to  all  stating  surfaces.  Ihe  coolant  flow  rate 
was  maintained  the  sane  throughout  all  the  tests. 

Figure  78  shows  the  temperature  changes  of  Transistor  »2  case  as  a 
function  of  electrical  power  dissipation  rate  at  the  three  different 

thickn*****-  Th«  “«**'•  show,  the  significant  effect,  of 
wan her  thickness  upon  the  component  temperature.  When  active  electronic 

;n,ta!lM;  lt.  ia  i"»x,rta,a  10  washer,  which  will 

th«  Aininua  insulation  requirements. 

of  r  •how*  tb*  «.e  t*"P*r*ture  of  Transistor  »2  as  a  function 

f  ^  15lcal  pow,,r  dissipation.  Stud  torque*  of  10  and  20  ln-lb  were 
used.  The  ■ounting  was  provided  with  a  0.0040-inch  mica  washer  and 
heat-sink  compound. 

Figure  80  shows  the  mounting- joint  thermal  resistance  of  Tran.ietor 

values*  !tica'w,lsh*r  thickness.  The  test  pointe  are  average 

value,  obtained  from  measurements  taken  at  various  heat  loads.  The 

heat-sink  compound  was  applied  to  all  mating  surface,  and  the  stud 
torque  was  20  in-lb.  The  figure  is  self-explanatory. 

4.  Thermal  Performance  comparison  of  Liquid-Cooled  Cold  Plate 

Since  the  cold  plate,  tested  were  of  different  design,  lt  is  of 
interest  to  compare  their  thermal  performance  on  a  common  basis.  Be- 

tn  eI«ctronic-^il>^nt  cooling  application,  to  ex- 
S  'C'S  11  y  of  transfer  In  term,  of  resistances,  such  as 

tinc«'coL/Ti'f°r  cWatt;  the  COBp*rlBOn  A«  k**®d  on  thermal  resis¬ 
tances  computed  from  the  loi lowing  expression. 


where 


t ;t  •  t  -  7 

pi  (SMXl  fl 


^pl (max)  "  th®  ***"  "u‘xi*va*  temperature  of  the  cold  plate 
measured  at  locations  of  the  concentrated  heat 


loads 


30  4  0  50 

ELECTRICAL  POWER  DISSIPATION,  WATTS 


Figure  7B.  Caio  Temperature  of  Transistor  42  vs  blectrical  Power 
Dissipation  (effects  of  Washer  Thickness) 
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Figure  79. 


C«»e  Temperature  of  Transistor  *2  vs 
Dissipation  (Effects  of  Stud  Torque) 


Electrical  Power 
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MHftTIK  JOINT  THt«m  «SIST«Htt.  *C/«TT 


0.0025  0.0045  0.0065 

THICKNESS  OF  MICA  WASHER,  INCHES 


0.0085 


Figure  80.  Thermal  Reaistancc  of  Transistor  #2  Mounting  Joint  v» 
Thickne»»  of  Mica  Washer 
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tfl  -  the  mean  temperature  of  the  coolant 

Q  •  the  total  heat  or  electrical  power  dissipated  by 
the  component*. 

^  pr*ie*ltB  thenRal  re.i.tance.  obtained  a*  moan  values  fr, 
'  £  ^ifJerenf  hoat  load*  but  with  a  constant  coolant  flow  rate  for 
*  C°  Pl*te"'  U  can  **  concluded  from  the  table  that  Col< 

v* L‘5'iLfTf7i  "°St  cffcctive  cooling  while  Cold  Plate  No.  : 

»o,t  inefficient.  It  should  bo  noted  that  Cold  Plate  No.  3  was  m 
of  copper  while  Cold  Plate,  No.  1  and  2  were  nude  of  al^in^m  £8o 

“teri^’  !!  W4B  tH?  rC*,0n  f°r  **1«ctin<l  ^Pcr  a.  the  construction 
Platl  °  ^  high*r  th«r«l  conductance  of  copper.  Cold 

on^i^rt3  W?*  T  °f  thinncr  ■4t*rial.  if  weight  savingsTmust  be 
lutein  W0UW  it  th°  Ch°icc  as  the  construction  ma- 

iiA'iin  ^ta^er^trc^::derauonB  8oBeti^8  night  rcqu,rc  - 


'Tabie  16.  Thermal  Performance  Comparison  of  Liquid-Cooled  Cold  Plates 


Cold 

Plate 


HN  P/BTU 


C/MATT 


0.0452 

0.0416 

0.0282 


It  also  should  be  noted  that  in  cold  plate  confi 
that  of  Nos.  1  and  2,  the  largest  thermal  resistance  o 
convection  heat-transfer  path.  Temperature  reduction 
can  bo  achieved  by  increasing  the  convection  hcat-tran 
or  by  increasing  the  heat-transfer  coefficient,  or  bot 
designs  with  extended  surfaces  and  mounting  arrangemcn 
The  design  features  of  a  liquid-cooled  cold  plate  are  , 
the  total  heat  load,  but  primarily  by  the  magnitude  of 


Sample  Calculations 


minary  design  conditions,  it  is  almost  alwaya  necessa 
simplified  thermal  analysis  of  the  cooling  device,  s 
based  on  coolant  inlet  temperature  and  flow  rate,  the 
n  rate  from  the  electronic  equipment,  and  the  general 


When  the  general  outline  of  the  cold  plate  and  the  geometry  of  the 
coolant-flow  conduits  are  known,  the  convection  heat-transfer  coeffi¬ 
cient  can  be  determined  from  procedures  outlined  in  thin  report  or 
elsewhere.  Starting  with  the  general  expression  for  convection  heat 
transfer,  we  can  state  that 


"•  M  (?v  -  hi) 

where  tfl  ■  the  mean  bulk  temperature  of  the  coolant  and 


On  the  other  hand,  heat  absorbed  by  the  coolant  can  be  expressed  as 
follows  I 


Q 


•  wc 

P 


(227) 


from  which  we  obtain! 


t 

out 


in 


♦  2L_ 

wc 

p 


where 


0  ■  total  power  dissipated  by  the  electronic  equipment, 
Btu/hr 

w  ■  coolant  flow  rate,  lb/hr 
Cp  ■  specific  heat  of  the  coolant,  Btu/lb°F. 


The  moan  wall  temperature  of  the  coolant  conduit  can  be  determined  from 
the  equation 


"V 
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When  the  coolant  conduit  is  attached  to  one  side  of  the  cold  plate  (Cold 
Plate  Mo.  1),  an  efficiency  factor,  n.  must  be  Introduced  as  follows: 


t 

w 


fl 


♦  2 _ 

nhA 


Based  on  the  mean  temperature  of  the  coolant  conduit,  temperatures  of 
the  electron lc- component  locations  can  be  computed  if  the  power  dis¬ 
sipation  rates  are  known. 

t»r  example,  let's  determine  the  temperature  of  the  cold  plate  at 
transistor  II  <TR  II)  location  (thermocouple  #14  reading)  under  test 

C°n  ini°?  N°’  9*  At  thi*  t**t  COnditi°B»  the  coolant  flow  rate  was 

w  «  100  lb/hr,  the  coolant  inlet  temperature  was  tA  -  74°F,  and  the 
total  electrical  power  dissipation  rate  was  P  -  332  watts  or  Q  -  1129 
Btu/hr.  If  a  5-percent  heat  loss  to  the  environment  is  assumed, 

V  l  °fcu/hr-  Tt'*  outlet  temperature  of  the  coolant  can  be  deter¬ 

mined  as  follows: 


t 

out 


t  ♦  2_  .  74  +  _ 10?0 

in  wc  100  (0.75) 


80. 3-F 


Hie  mean  coolant  temperature  is 


t 


fl 


74  »  88.3 
2 


81 . 15°F 


tfl  -  81-F 


Next,  the  mean  temperature  of  the  coolant  conduit  can  be  determined  from 


t  ■  t,,  ♦ 
w  f  1 


2_ 

hA 


From  the  previously  given  value  of  h,  we  know  that 


h  -  160  Dtu/hr  ft**F 

The  surface  area  of  the  conduit  ia  found  from 
A  ■  *dL 

A  -  »  (0. JOS) (24.2)  -  23.2  in1  -  0.161  ft7 

It  waa  determined  that  n  -  0.90,  then 


61  ♦ 


1070 

0.90  (160) (0.161) 


81  ♦  41 


12TF 


The  temperature  differential  within  the  mounting  plate  can  be 
dotei mined  by  applying  two  ganera).  methods:  (1)  drawing  the  flux  plot 
from  the  contact  area  of  the  translator  to  the  section  where  the  tube  ia 
attached  or  (2)  aasuming  a  radial  heat  flow  frost  the  transistor  contact 
area  similar  to  heat  flow  through  a  disk. 


0  •  kA 
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f  -  t 


_l _ J 


r  -  r 

?  i 


where 


A 
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A  -  A 

J _ 1 _ 
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ln  (\ 


Refer  to  Figure  45  (Cold 
r,  -  0.312  in.  and  r3  -  1.125 
and  the  heat  flow  areas  can  be 


Plate  No.  1).  two  circles 
in.  can  be  drawn  around  TR 
determined  as  follows: 


of  radii 
II  location. 
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A  -■  6  -  a  (0.025)  (0.25)  -  0.49  in? 

A  -  rd  6  -  n(2.25) (0.25)  -  1.77  i,)? 


Therefore, 


A  .  1 -77  I  0.49  1 .28 

m  In (l . 77/0.49)  1.28 


in*  •  0.0969  ft7 


The  temperature  of  the  cold  plate  at  the  translator  hunting  place  can 
now  be  computed  as  follows: 


t 

i 


kA 

n 


r 


i 


) 


where  Q,  in  this  case,  is  the  heat  dissipated  by  the  transistor. 


Q  ■  50  (3.4)  •  170  Btu/hr 


Substituting  values,  we  find  that 


t 

l 


127  ♦ 


_  170  _ 

100(0. 0C 69) 


(0.094  -  0.026) 


127  t  16  -  143*F 


The  temperature  actually  measured  was  136°F. 

rhr  simplified  computation  method  provided  a  close  agreement  with 
the  actual  temperature.  Based  on  this  temperature  and  the  known  inter¬ 
face  thermal  resistance  between  the  cold  plate  and  the  transistor,  the 
junction  temperature  of  the  transistor  was  determined. 

It  should  be  noted,  however,  that  this  cold  plate  presented  the 
simplest  thermal  performance  prediction  effort.  It  is  possible  with 
this  cold-plate  configuration  to  separate  convection  and  conduction 
modes  of  heat  transfer,  and  it  is  not  necessary  to  introduce  surface 
effectiveness  factors. 
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b.  Air-Cooled  Cold  Plates 

1.  Tyi>es  of  Cold  Plates  Tested 

Limited  experimental  work  j>erformed  with  air-cooled  cold  plates  in 
a  previous  study  (Ref  3SJ)  revealed  that  accurate  thermal  performance 
prediction,  based  on  standard  textbook  equations,  is  impossible.  Sig¬ 
nificant.  errors  can  be  introduced  when  thermal  performance  predictions 
are  based  on  fully-developed  velocity  and  temperature  profiles.  To 
investigate  the  main  parameters  affecting  the  heat  transfer  and  the  flow 
distribution  of  air-cooled  cold  plates,  a  more  extensive  study  was 
initiated  which  tested  cold  plates  of  different  aspect  ratios  and  mani¬ 
fold  configurations. 

The  cold  plates  tested  can  be  divided  into  two  general  categories: 
.1)  -'old  plates  with  plain  air-flow  channels  (without  finned  or  extendea 
surfaces)  and  (2)  cold  plates  with  air-flow  channels  provided  with 
compact  heat-exchanger  cores.  Cold  Plate  Nos.  1,  2  and  3  were  without 
finned  surfaces,  while  Cold  Plate  Nos.  4,  5  and  6  were  provided  with 
compact  heat-exchanger  cores.  Each  of  the  two  categories  represented 
three  different  aspect  ratios  and  was  tested  with  three  or  four  dif¬ 
ferent  manifold  configurations.  Except  for  Cold  Plate  No.  3,  all  of  the 
cold  plates  were  of  approximately  the  same  size  as  far  as  the  equipment 
mounting  surfaces  were  concerned,  but  of  different  air-flow  channel 
width  (flow  channels  of  different  aspect  ratios).  This  was  done  to  case 
comparison  among  the  different  cold  plates  and  manifold  configurations 
by  reducing  the  amount  of  unknowns  which  could  affect  thermal  perform- 
ance. 


All  of  the  cold  plates  wore  made  of  al'untnum  and  provided  with 
flanges  to  allow  installation  ot  different  manifold  configurations.  To 
simulate  realistic  conditions,  actual  electronic  equipment  (lower  tran- 
f  l  tors  ^N1724)  were  used  as  the  heat  load.  Thermal  performance  of  the 
cc Id  plates  was  determined  at  different  component  power  dissipation 
rates  and  different  cooling-air  flow  rates.  Actual  test  results  were 
compared  with  computer  analysis,  based  on  the  Resistance-Capacitance  (R- 
C)  network. 

Although  it  is  not  likely  that  a  cold  plate  for  cooling  of  high- 
density  electronic  equipment  would  be  made  without  extended  surfaces,  it 
is  of  interest,  from  the  heat-transfer  point  of  View,  to  investigate  the 
thermal  performance  characteristics  of  such  simple  cooling  devices. 

2.  Manifold  Configurations 

bince  the  cold  plates  in  an  actual  electronic  equipment  cooling 
y  *’*  m  would  be  connected  to  an  air  distribution  ductwork,  a  manifold  is 
needed  to  admit  cooling  air  to  the  cold  plates.  The  available  space  and 
the  electronic  equipment  arrangement  would  dictate  the  manifold  con¬ 
figuration  and  arrangement  used.  Eesidcs  effects  upon  heat  transfer  and 
pressure  drop,  some  manifold  configurations  might  cause  flow  distribu¬ 
tion,  thu3  temperature  distribution  problems. 
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f  m50  !h°  coolin^’alr  cnr-ry  *-*ffect«  upon  the  thermal  performance 

of  the  cold  plates  could  be  investigated,  manifolds  of  four  different 
configw-tlo".  were  fabricated  and  tested.  The  manifold  configurations 

and  the  test  results  are  presented  with  the  particular  cold  plates  that 
*■  it#  used. 

(1)  Air-Cooled  Cold  Plate  No.  1 

Plaf  Fi!UrT  >,1w?luWS  thC*  outllno  of  th*  oxj>erimental  air-cooled  Cold 
vided  Hih  n  r“  ?  Weld*d  c6n#tructi°n  «Mde  of  aluminum  and  pro- 

mla!ured  6-(^TM°r  i"Btallation  of  “nifolds.  The  air-flow  channel 
i  ■>*.  it  inch**»  representing  an  aspect  ratio  of  R  -  6.25/ 

0.25  ■  25.  The  hydraulic  diameter  was  »  0.040  ft. 

F1?l?rfJ82  *hOW“  th°  exP®rlBent*l  air-cooled  Cold  Plate  No.  1  with 
the  manifold  configuration  identified  as  »1.  The  figure  also  shows 
transistor  and  thermocouple  locations.  The  transistors  (type  2N1724) 

mrH  t0  th°  pUt®  without  insulating  washers  by  in¬ 

serting  them  into  tapped  hoi*..  Heat-sink  confound  was  applied  to  all 

aTd”  ^j°  nt-„Trri-t0r  CaC°  and  PlatC  t*BPer*tur*s  were  measured 
„  fr;n  cooling-air  flow  rates  and  different  electrical  power  dis¬ 
sipation  rates  from  the  transistors. 

After  the  temperature  of  the  plate  at  the  different  cooling-air 
low  rates  was  measured  and  the  electrical  power  dissipation  from  the 
components  was  computed,  the  convection  heat-transfer  coefficients  were 
determined  from  the  following  expression) 


Q  ■  Ah  (f.t) 


h  ■  ■  ■  2 - 

A  (At) 


whero 


Q  »  heat  transfer  rate  by  convection,  Dtu/hr 
h  -  heat  transfer  coefficient,  Btu/hr  ft,0F 
A  -  heat  trar.sfer  area,  ft2 
Atm  "  lo^arithmic  mean  temperature  difference,  °F. 


At'  At" 
,  At’ 


Figure  63  ahows  the  variation  of  temperature  difference  from  At*  to  At". 
If  the  ratio  At'/At"  is  email  (<2),  the  arithmetic  mean  temperature 
difference  can  be  used. 


Figure  63.  Variation  of  Temperature  Difference 


Under  condition*  where  the  aurface  temperature  of  the  plate  i*  not 
uniform,  but  exhibit*  some  *ignificant  *tep  change*,  the  local  value*  of 
the  surface  coefficient*  mu*t  be  determined. 
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where  q''(x)  »  the  local  heat  flux. 

Thia  condition  ia  further  complicated  by  the  fact  that  the  heat  flex  ia 
not  uniform,  but  variea  along  the  aurface.  However,  when  the  plate  i* 
made  of  high  thermal-conductance  material,  and  there  ia  no  aignif leant 
temperature  gradient*  within  the  plate,  the  arithmetic  mean  temperature 
difference  between  the  plate  and  cooling  air  can  be  used 
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t^  ^  •  arithmet ic  mean  temperature  of  the  plate,  "f 
tfl  •  mean  temperature  of  air,  *!\ 

Table  17  prevents  all  the  test  conditions  of  Cold  Plate  No.  1  with 
Manifold  configuration  II.  Temperature  readings  of  the  thermocouples  at 
the  diffeient  test  conditions  are  contained  in  Appendix  A. 

f  igure  84  shows  tea|>erature  distribution  across  the  plate  at  the 
two  sections  indicated  by  the  thermocouples.  The  tests  were  performed 
at  different  cooling-air  flow  rates,  but  with  constant  power  dissipation 
rates  from  the  transistors.  The  figure  shows  the  significant  reduction 
of  the  temperature  of  the  plate  when  the  cooling-air  flow  rate  is  in¬ 
creased.  It  also  shows  that  the  rate  of  temperature  change  is  reduced 
at  the  higher  air-flow  rates,  indicating  that  there  is  a  limit  to  which 
some  noticeable  temperature  reduction  can  be  obtained.  As  far  as  tem¬ 
perature  gradients  within  the  plate  are  concerned,  no  noticeable  effects 
could  be  observed  with  the  flow-rate  changes. 

Figure  85  show*  temperature  distribution  across  the  plate  at  con¬ 
stant  cooling-air  flow  rates  and  three  different  electrical  power  dis¬ 
sipation  rates  from  the  transistoru.  The  figure  is  self-explanatory. 

Figure  86  shows  temperature  distribution  of  the  cold  plate  at  a 
cooling-air  flow  rate  of  w  •  68  lbs/hr,  and  an  electrical  power  dis¬ 
sipation  of  100  watts  (20  watts  from  each  transistor).  The  figure  shows 
comparison  between  exjx.ri*ental  and  analytical  results  at  two  d'ffercnt 
conditions  used  in  the  analysis. 

(1)  An  average  heat  transfer  coefficient  based  on  tAperiaxsntal 
data  was  used  in  determining  the  convection  resistances  as 
follows! 
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MAh 

(  •  IV 


(  * (pi) (max) 
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W  (  * I-»l  (max)  *  f  1  ) 


where 


n 


n  ^  ♦ 

pi  A 


(2)  Heat  transfer  coef ficients,  determined  from  experimental  data 
for  mounting  and  cover  plates  acre  used  separately  to  de- 
*  ermine  the  convection  resistances  as  follows: 


"pl 


where 


®pl  npl*pl  hpl  (  '’pi  (max)  lfl) 


and 


h - i 

pi 


•  ( t. _ _  -  t. 


pl  pi  V  pi (max)  fl 


P  •  H  h  (  t.  -  t , .  \ 
c  cccVb  fit 


and 


h 

c 


n  A 

c  c 


t 


f  1 
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r  rr  r~:“rL 

cooling-air  fL^^Tl^^10"  °f  **"  “«  pl*“  «  * 
watts  (20  v  4  lbs/hr  and  a  total  heat  load  of  100 

datl  U LSI  «  th~  ™  >r.„,l.,o,|.  Comparison  with  .v„taul 

1/16  Inch  and  1/8  inch  Br'in'r^Ty'’,1!!"  tMekn..aaa.  1/32  inch. 
1/32  inch  to  1  8  inchH‘o  X  lncfcasin9  th«  cover  plate  thickness  from 

ass  rr 

ssisnt?  tu  ror  *u  *»«• «■ 

3*nb!„cr^Uhha;  ""  h'*t-tr*"*t«  coefficient  "‘“hi  ‘ 

rease  with  increased  temperature  uniformity. 

conatant^ootinf-aTr  1^“:,? .^“7“  J1***  «  « 
electrical  power  dla.ip.tlon  rate,  from  Tractor?!  ^nW™.^.';’"" 

In.TytlcIIrdatr,'ThC°TP*rl,0n/'  "1*°  between  exporliai^  ^ 

nalytical  data.  The  largest  difference  between  the  two  values  occurs 
tc  concentrated  heat  load,  and  was  probably  caused  by  the  selection 
of  too  largo  of  node,  around  the  heat  input  area.  Generally  £^«r 
.S'  be!"*"  experimental  and  analytical  data  can  be  con.ldoief 

deter-lned  heat-tranafS^lilcLn  «S:  “ri„“;h\t.tyXS!.r‘“^11' 

b'iSh°.s^shSi:s^t":r»s:r"turo  ,radiont‘  “uhi" th'  ■>*«■ 

air  fln!Ur!,!9  “ST*  ?,B0  ''•“perature  of  Translator  *3  versus  cooling 
(20  ™tt»fr~  n  ?  Cty  al  1JOWCr  dissipation  from  the  transistors 

testS  J  ?  translator)  was  maintained  constant  throughout  the 

test.  Only  Transistor  .3  temperature  i.  shown  because  it  was  only  a 
,I  ”'‘  hi’h'r  th"n  fcbe  temperature  of  the  other  transistors.  VTho 
the  coolli^alJ  n^“  P“"t  ttn’pcratur'  can  be  significantly  affected  by 
setecuoi  ^  he  i  If  °th'r  ««  kept  constant,  V 

requirements  ,  .'“7  t  ri,t<!  *  based  on  the  temperature 

that  th^  ?  f  bb'  electronic  equipment.  It  ahould  be  noted,  however 
that  there  1.  a  limit  beyond  which  the  increased  cooling-air  flowrate 
will  not  noticeably  reduce  the  equipment  tesperature. 
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Figure  88.  Temperature  Diatribution  of  Air-Cooled  Cold  Plato  No. 
(Manifold  *1)  at  Teet  Conditions  5  thru  7 
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Figure  90  shows  the  experimental  air-cooled  Cold  Plate  Ho.  1  with 
the  manifold  configuration  identified  a>  12.  General  configuration  of 
th*  “nifold  l«  the  sane  as  il,  except  for  a  12-inch  straight  section 
attached  to  the  cooling-air  entrance  end  of  the  cold  plate.  This  re¬ 
duced  turbulence  effects  caused  by  the  manifold.  In  accordance  with 
Reference  9,  the  local  Mussel t  number  has  closely  approached  its  asymp¬ 
totic  value  at  a  thermal  entry  length  of  X/D  »  25. 

As  with  the  previous  configuration,  the  cold  plate  was  tested  at  a 
constant  heat  load  and  different  cooling-air  flow  rates  to  allow  de¬ 
termination  of  the  heat-transfer  coefficients. 


Table  18  presents  the  teat  conditions  performed  with  manifold 
configuration  #2. 


Table  18.  Test  Conditions  of  Air-Cooled  Cold  Plate  Mo.  1 
(Manifold  Configuration  #2) 


TEST 

HO. 

air  flow 

RATE  (lb/hr) 

ELECTRIC 

AL  POWER 

INPUT  TO 

TRANSISTORS  (WATTS)! 

TR  *1 

TR  12 

TR  »3 

TR  «4 

TR  15 

1 

22.5 

20 

20 

20 

20 

20 

2 

45 

20 

20 

20 

20 

20 

3 

68 

20 

20 

20 

20 

20 

4 

94 

20 

20 

20 

20 

20 

Temperature  readings  of  the  thermocouples  are  contained  in  Appendix  A. 
The  locations  of  the  thermocouples  were  the  same  as  shown  in  Figure  82. 

Figure  91  shows  temperature  distribution  across  the  cold  plato  at 
the*  four  different  air  flow  rates.  When  the  temperature  distribution 
between  the  two  manifold  arrangements  is  compared,  an  approximate  tem¬ 
perature  difference  of  10#F  can  ue  observed.  The  higher  temperatures  of 
the  cold  plate  with  the  24-inch  section  were  caused  by  reduced  turbu- 
en  :e  which,  in  turn,  reduced  the  heat-transfer  coefficients,  (tore 
detailed  discussions  about  dettrmination  of  the  heat-transfer  ccef- 
ficients  are  provided  at  the  end  of  this  section. 

Figure  92  shows  the  experimental  air  cooled  Cold  Plate  No.  1  with 
the  manifold  configuration  identified  as  #3.  Such  a  manifold  config¬ 
uration  would  occupy  the  least  space;  therefore,  it  could  bo  used  in 
systems  with  space  limitations.  Similarly  as  with  the  previous  con¬ 
figurations,  the  thermal  tests  were  performed  to  determine  temperature 
iistr ibution  of  the  cold  plate  and  provide  information  for  confuting  the 
experimental  Musselt  n-unbers  and/or  heat-transfer  coefficients. 

Table  19  presents  the  test  conditions  of  the  cold  plate. 


203 


uo 


Trtblo  19.  Test  Condition*  of  Air-Cooled  Cold  Plate  Mo.  1 
(Manifold  Configuration  f3) 


npnti  °f  th<>  wld  P1*'*  electronic  co**>- 

nent.  at  the  different  te.t  condition,  are  contained  in  AppendixT^ 

fn  r  93  "T  tff-*i#r*tur«  distribution  aero*,  the  cold  plate  at 

Jt«ipitionerLn r  ZHlr  “"I  ratM  a',d  «  *  ««•*•"*  electrical  power 

tJlni?«or?  w  Watt"  tr0m  th*  CO"P°"»"t»  C20  «•«.  fro*  each 

translator).  Although  a  sywwstrical  heat  load  was  applied  to  the  cold 

Plate,  temperature  distribution  of  the  plate  is  distorted.  The  tem- 

ZlrrZ  rSTE?  'TS'T  th4t  thB  U^Bt  How  rate 

urred  at  the  dead  end  of  the  entrance  manifold.  This  condition  can 

di.troT^r1  WUh  Unifor*  fl«“-channel  width  and  manifold  slot.  The  flow 

a  tar^id llo?"  Jhbet'",,rOVed  **  ,JroVidi"<?  the  gasket  or  manifold  with 
a  tapered  slot.  The  temperature  differential,  across  the  cold  plate 

of^th^! ^  tolerated  depend  on  the  temperature  uniformity  requirement. 

°tlZ  !™r!?n  r,UiP^nt’  H4nifold  *iot*  with  reduced  cros.-.ec- 

h  will  increar.  pressure  drop  and  acoustical  noise,  a»d  their 

de?:.  iTn  °re'  ?hOUld  *  liBtt*d  t0  ,f>*cific  plication,  only,  mim 

S  liSini  JUir  4bOUt  flOW  dUtribution  ln  «"lfold.  can  be  found 


rtlf,  ri9“r*,94  ,bow*  tcm|>erature  distribution  across  the  cold  plate  at 
different  electrical  power  dissipation  rate,  fro*  Transistor  13  (only 
Tr;”,  ,t0^n  —  •nergised,  and  a  constant  cooling-air  flow  rat.  ^45 

attribution  is  Shown  at  the  cooling-air  en- 

cate  r!  *  C*nt”  ,#CUon  <»*  the  cold  plate.  As  in  the  previous 
case,  the  same  trend  in  temperature  distribution  can  be  observed. 

The  experimentally  determined  Kusselt  number,  were  plotted  versus 

95nU^r*Mf°r  thrM  *Mnifold  configurations  and  are  shown  in 
igure  95.  The  Nusselt  numbers  were  evaluated  from  the  known  expression 
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TEST  COHOITHM  #1 


D, 


Ng 


where 


h  -  the  heet  tran.fer  coefficient,  Btu/hr  ft?eF 
°h  "  the  hydraulic  diameter,  ft 
K  ■  the  thermal  conductance  of  the  air,  Btu/hr  ft°F. 


Procedure*  for  determining  the  forced-convection  heat-tranafer  coef¬ 
ficient.  have  already  been  di.rus.ed.  The  next  step  wa.  the  deteraina- 
fi™  of  COn"tant*  in  th*  exprea.ion  when  written  in  the  general 


fiu  -  C  ( Rr)  ( Pr ) 


iC^ily#  thr"*  *quation*  ar«  needed  to  determine  the  three  cor- 
^  Pran<ltl  nueibor  wa*  *«Pt  con.tant  throughout  the 

HCyn0|ld’  and  ;,u”clt  used  a.  variable.. 

The  experimental  data  was  plotted  on  logarithmic  coordinate..  After  a 

Joined  rf!  °rh  th!  Pl°tted  the  «Wnt.  *.  was  de¬ 

termined  from  the  .lope  of  the  line. 


determll^Lr*  CqUall0n  for  two  P°int*  the  line,  wc  can 


h'u  -  CUV)  (Pr) 

>  i  i 


Nu  -  C ( Hr )  (pr) 

»  i  i 


or 


log  Nu  -  logC  ♦  m  log (Ho)  ♦  n  log 


(Pr) 


log  Nu  •  logC  ♦  m  log(Re)  ♦  n  log 


(Pr) 
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.subtracting  one  equation  from  the  other  and,  rearranging,  we  can  compute 
the  exponent,  ■,  ac  follows) 


m 


'  oq  Nu  -  log  Nu 

- 1 _ _ _ L 

log  Re  -  log  Rc* 

3  I 


For  a  constant  Prandtl  number  and  exponent  n,  the  conatant  C  can  be  com¬ 
puted. 

Table  20  summarizes  the  experimentally  determined  forced-convection 
heat-transfer  coefficients  and  Nusselt  numbers  for  the  three  marifold 
configurations.  It  should  bo  noted  that  both  the  heat-transfer  coef¬ 
ficients  and  Nusselt  numbers  are  average  values  determined  from  the 
following  expression: 


h 


_ _ _ S _ _ 

V.  (t<pl)*ax  Cfl) 


where  HQ  •  the  overall  'surface  effectiveness 

hQ  »  the  total  heat  transfer  surface  area,  ft* 

t( pllmax  "  thc  avcra9c  maximum  temperature  of  the  cold  plate 
1  measured  at  the  transistor  locations,  °F 

tfl  -  the  arithmetic  mean  cooling  air  temperature,  °F 

Q  •  thc  total  heat  load  dissipated  by  the  electronic 
equipment,  Dtu/hr. 

When  thermal  performances  of  the  cold  plate  are  compared  with  the 
three  different  manifold  configurations,  it  can  be  seen  that  manifold 
configuration  #3  provides  the  highest  Nusselt  numbers.  This  condition 
can  be  explained  by  the  larger  turbulence  induced  by  thc  sharp  turn  of 
the  -ooling  air  stream.  Figure  95  shows  that  the  difference  in  Nusselt 
numbers  between  manifold  configurations  HI  and  #3  diminishes  with  in¬ 
creased  Reynolds  numbers.  It  also  shows  that  the  manifold  configura¬ 
tion,  even  with  the  24-inch  straight  section,  does  not  have  any  sig¬ 
nificant  effect  upon  the  Nusselt  numbers. 

For  comparison  purposes,  the  Nusselt  numbers  determined  by  the 
HcAdasi3  equation  are  also  plotted  on  the  same  figure.  It  can  be  seen 
that  there  is  a  significant  difference  between  the  predicted  and  ac¬ 
tually  measured  Nusselt  numbers.  The  difference  is  particularly  large 
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at  the  lower  Reynolds  number*,  indicating  that  turbulence  wa»  induced 
into  the  cooling  air  stream  entering  the  cold  plate.  Configuration  of 
the  flow  channel  could  also  have  had  some  effect*. 

The  computed  constant*  were  substituted  into  the  Nusselt  equation 
to  obtain  the  following  expressions  for  the  three  manifold  configura¬ 
tions: 

(1)  Manifold  configuration  #1 
Hu  -  0.295  (Re) 0 ' Si  (Pr)0'* 


(2)  Manifold  configuration  #2 
Nu  «  0. 343  (Re) °* s*  (Pr) **  i 


(3)  Manifold  configuration  #3 
Nu  •  0.470  ( Re )  0  *  s  (Pr)0*1 


Figure  96  shows  the  resistance-capacitance  (R-C)  network  for  air¬ 
cooled  Cold  Plate  No.  1.  This  network  was  used  for  predicting  tem¬ 
perature  distribution  of  the  cold  plate  at  the  particular  cooling-air 
flow  rates  and  electrical  power  dissipation  from  the  components.  For 
uniform  flow  distribution,  all  the  nodes  can  be  connected  to  the  main 
coolant  stream  as  shown.  When  the  flow  distribution  is  not  uniform,  it 
must  be  divided  into  separate  channels}  and  the  proper  plate  nodes  must 
be  connected  to  these  channels.  Determination  of  the  resistances  and 
capacitances  has  already  been  discussed  in  Section  XI  and  is  not,  there¬ 
fore,  repeated  here.  Only  the  R-C  network  of  this  cold  plate  is  shown 
because  the  other  cold-plate  networks  are  similar. 

(2)  Air-Cooled  Cold  Plate  No.  2 

Figure  97  shows  an  outline  of  experimental  air-cooled  Cold  Plate 
No.  2.  The  air-flow  channel  measured  6-1/4  x  1/2  inches,  representing 
an  aspect  ratio  of  6.25/0.5  ■  12.5.  The  hydraulic  diameter  (Dh  -  4A/p) 
was  0.0773  ft.  The  cold  plate  was  provided  with  flanges  to  allow  in¬ 
stallation  of  different  manifold  configurations. 

Figure  98  shows  Cold  Plate  No.  2  with  manifold  configuration  II. 

The  figure  also  shows  transistor  and  thermocouple  locations.  The 
transistors  (type  2N1724)  were  attached  directly  to  the  plate  without 
insulating  washers.  Heat-sink  compound  was  applied  to  all  transistor 
mounting  joints.  Transistor  case  and  plate  temperatures  were  measured 
at  different  cooling-air  flow  rates  and  different  eloctrical  power 
dissipation  rates  from  the  transistors. 
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Table  21  present-  all  the  test  conditions  of  Cold  Plate  Ho.  2  anu 
manifold  configuration  #1. 


Table  21.  Test  Conditions  of  Air-Cooled  Cold  Plate  Mo.  2, 
Manifold  Configuration  >1 


TEST 

NO. 

AIR  FLOW  RATE 
(lb /hr) 

IIJCTRICAL  POWER 

INPUT  TO  TRAP'S  1ST  RS 

(watts) 

H  «1 

TR  *2 

TR  »3 

TR  »4 

TH  s5 

1 

45 

mm 

m 

20 

mm 

mm 

2 

80 

drl 

20 

m  jK-. 

rfi 

3 

124 

20 

20 

20 

20 

20 

4 

60 

-- 

— 

20 

— 

-- 

5 

80 

— 

— 

35 

— 

-- 

6 

80 

-  - 

-- 

50 

-- 

— 

Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 

Figure  99  shows  temperature  distribution  of  the  cold  plate  at  a 
constant  heat  load  of  100  watts  (20  watts  from  each  transistor)  and 
different  cooling  air  flow  rates.  The  temperature  measurements  were 
taken  across  the  plate,  perpendicular  to  the  air-flow  axis.  Figure  100 
also  shows  comparison  between  analytical  and  experimental  data.  It  can 
be  seen  that  a  very  good  agreement  was  achieved  between  the  analysis  and 
the  experimental  results.  It  should  be  noted,  however,  that  experi¬ 
mentally  determined  heat-transfer  coefficients  were  used  in  the  anal¬ 
ysis. 

Figure  101  shows  temperature  distribution  of  the  cold  plate  par¬ 
allel  to  the  air-flow  axis.  Doth  experimental  and  analytical  data  are 
presented.  It  appears  that  the  measured  temperatures  at  tne  cooling-air 
entrance  end  were  lower  than  prodicted.  This  condition  can  be  explained 
by  the  higher  local  heat-transfer  coefficients  in  the  thermal  entry 
region  or  the  higher  air-flow  rate  through  the  central  section. 

Figures  102  and  103  show  temperature  distribution  of  Cold  Plate 
No.  2  at  a  constant  cooling-air  flow  rate  of  80  lbs/hr  and  three  dif¬ 
ferent  electrical  powei  dissipation  rates  from  Transistor  #3  (only 
Transistor  was  energized).  Figure  102  shows  temperature  distribution 
across  the  plate  perpendicular  to  the  air-flow  axis,  while  Figure  1C3 
shows  temperature  distribution  along  the  air-flow  axis.  Analytically 
predicted  temperatures  are  also  shown,  and  agreement  with  the  experi¬ 
mental  data  can  be  considered  good.  Here  again,  the  largest  difference 
occurred  at  the  air-entrance  end  of  the  plate,  indicating  higher  local 
heat-transfer  coefficients. 
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TEST  CONDITION  *6 


TEST  CONOITIC*  is 


TEST  CONDITION  *4 


HOTE:  MAMFOLO  CONFIGURATION  *1 


Figure  102. 


18  10  19 

THERHOCOl*>lE  LOCATIONS 

Temperature  Distribution  of  Cold  Plat*  No.  2  (Manifold  *1) 
at  Tost  Condition  Nos.  4  thru  6  (TC  16-21) 


Figure  103.  Temperature  Distribution  of  Cold  Plate  No.  2  (Manifold  il) 
at  Test  Condition  Nos.  4  thru  6  (TC  14-25) 
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Figure  104  shows  the  analytically  end  experimentally  determined 
temperature  distribution  of  the  cold  plate  at  a  cooling-air  flow  rate  of 
45  lb*/hr  and  an  electrical  power  dissipation  rate  of  100  watts  (20 
watts  from  each  transistor).  The  analytical  predictions  were  based  on 
the  following  three  diffeient  convection  heat-transfer  coef ficients t 
(1»  Tne  widely  used  equation  recoessended  by  HcAdams  yielded: 


Hu  •  0.023  (He)'-*  (Pr)'-"  •  13. H 


and 


h  “  Nu  n“  "  2,76  Btu/hr  ft’  *F 
h 


(2)  The  experimentally  determined  average  value,  h-v,  was  found  to  be 
6.74  Btu/hr  ft^*F  where  h4V  •  hpj  •  hc,  i.e.,  the  same  coefficient  was 
used  for  the  mounting  and  cover  plates, 

(3)  Tho  experimentally  determined  heat-transfer  coefficient  of  the 
siounting  plate,  hpl,  was  found  to  be  8.3  Btu/hr  ft**F.  That  of  the 
cover  plate,  hc,  was  found  to  be  5.25  Btu/hr  ft,#F. 

As  can  be  seen  from  the  figure,  a  temperature  difference  of  134*F 
occurred  between  the  measured  and  the  predicted  values  based  on  textbook 
equations.  This  temperature  differential  indicates  that  significant 
errors  can  be  introduced  into  temperature  predictions  when  heat-transfer 
equations  devalued  for  specific  flows  and  heat  loads  are  applied  to 
heat-transfer  equipment  that  do  not  have  such  conditions. 

The  Husselt  numbers  were  determined  from  the  exper imental  data,  as 
already  discussed,  and  are  as  follows: 

Test  *1,  Hu  -  33.5 

Test  «2,  Hu  -  45.3 

Test  13,  Hu  -  56.3 

Figure  105  shows  experistental  air-cooled  Cold  Plate  No.  2  with  the 
manifold  configuration  identified  as  »2.  In  this  configuration,  a  24- 
inch  straight  section  was  installed  at  the  cooling-air  entrance  end  of 
the  cold  plate  to  reduce  the  turbulence  effects  induced  by  the  cross- 
section  change  of  the  manifold.  The  entry  length  in  this  case  was 
L  ■  x/Dh  •  2/0.0773  •  26  which,  in  accordance  with  Reference  9,  1s 
close  to  the  required  length  for  establishing  a  fully-devoloped  velocity 
profile. 


,  ^  Thi«  eonfigui*tion  of  the  cold  plate  was  tested  at  a  constant  heat 
load  of  100  watt*  and  three  different  cooling-air  flow  rate*.  The  test 
conditions  are  presented  in  Table  22. 


Table  22.  Test  Conditions  of  Air-Cooled  Cold  Plate  Ho.  2, 
Hanifold  Configuration  12 


Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 


Figures  106  and  107  show  temperature  distribution  of  Cold  Plate 
No.  2  *t  the  three  different  test  conditions  and  the  thersiocouple  loca¬ 
tions  indicated.  The  figure  is  self-explanatory. 


The  experimentally  determined  Nusselt  numbers  are  as  follows: 


Test  No.  1,  Nu  -  28.9 
Teat  No.  2,  Nu  •  38.1 
Test  No.  3,  Nu  •  45.5 


Figure  108  shows  experimental  air-cooled  Cold  Plate  No.  2  with 

rr.f:  "i  In  thU  conflation,  th.  coil., 

air  entered  at  one  side  of  the  cold  plate  and  left  at  the  other  side. 

2l  Pr*Mnt*  a11  th«  conditions  performed  with  this 

manifold  configuration. 


Temperature  readings  of  the  thersiocouples  at  the  different 
conditions  are  given  in  Appendix  A. 


test 


Figures  109,  110,  and  111  show  temperature  distribution  of  the  cold 
,  indicated  by  the  thermocouple  locations.  The  figures 

indicate  that  a  significant  temperature  distortion  occurred  across  the 
plate  perpendicular  to  the  cooling-air  flow  stream.  This  condition  was 
caused  by  the  nonuniform  flow  distribution.  Most  of  the  cooling  air  was 
passed  through  the  cold  plate  opposite  the  entrance  side  (dead  end  of 
the  manifold).  Electronic  equipment  mounted  on  such  a  cold  plate  would 
also  have  large  temperature  differences,  causing  packaging  and  elec¬ 
tronic  system  design  problem*.  To  reduce  this  problem,  some  means  must 
be  employed  to  improve  the  cooling  air  distribution. 
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»>  22  23  24  12  • 

thermocouple  locations 

Figure  IOC.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  #2)  at  Teet  Condition  Noa.  1  thru  3  (TC  11-24) 


Figure  107. 


CORF IbURATlON  $2  - 
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THERMOCOUPLE  LOCATIONS 

Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  *2)  at  Test  Condition  Nos.  1  thru  3  (TC  3-25) 
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THERMOCOUPLE  LOCATIONS 

Figure  109.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  *3)  at  Test  Condition  Nos.  1  thru  3  (TC  8-15) 


Figure  110.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  93)  at  Test  Condition  Nos.  1  thru  3  (TC  16-21) 
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Figure  111.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  #3)  at  Test  Condition  Nos.  4  thru  6 


Table  23. 


Test  Conditions  of  Air-Cooltd  Cold  Plate  No.  2, 
Manifold  Configuration  S3 


TEST 

NO. 

AIR  FLOW  RATE 
( lb/hr) 

ELECTRICAL  POWER 

INPUT  TO  TRANSISTORS  (watts)  | 

TR  »1 

TR  #2 

TR  »3 

TR  14 

TR  *5 

1 

45 

20 

20 

20 

20 

20 

2 

80 

20 

20 

20 

20 

20 

3 

124 

20 

20 

20 

20 

20 

4 

80 

— 

-- 

20 

m  . 

5 

80 

— 

-- 

35 

_  _ 

«... 

6 

80 

-- 

— 

50 

-- 

-- 

Figure  112  shows  experimental  air-cooled  Cold  Plate  No.  2  with 
manifold  configuration  #4.  In  this  manifold  configuration,  the  cooling 
air  was  admitted  and  discharged  at  the  same  side  of  the  cold  plate. 

This  manifold  configuration  was  used  to  investigate  the  possibility  of 
improved  flow  and  temperature  distribution  as  compared  with  manifold 
configuration  #3. 

Table  24  presents  all  the  test  conditions  performed  with  this 
manifold  configuration. 


Table  24.  Test  Conditions  of  Air-Cooled  Cold  Plate  No.  2, 
Manifold  Configuration  14 


TEST 

NO. 


AIR  FLOW  RATE 
_ (lb/hr) 


ELECTRICAL  POWF.R  INPUT  TO  TRANSISTORS  (watts) 


TR  #1 


TR  #2 


TR  »3 


TR  *4 


TR  *5 


1 

2 

3 

4 


45 

80 

124 

80 


20 

20 

20 


20 

20 

20 


20 

20 

20 

50 


20 

20 

20 


20 

20 

20 


Temperature  readings  of  all  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 

Figures  113  and  114  show  temperature  distribution  of  the  cold  plate 
at  sections  indicated  by  the  thermocouple  locations.  Also,  this  mani¬ 
fold  configuration  indicated  a  similar  temperature  distortion  across  the 
cold  plate  as  did  the  experiment  with  manifold  configuration  »3.  When 
the  thermal  performances  of  the  two  manifold  ccnf igurations  are  com¬ 
pared,  it  can  be  seen  that  manifold  configuration  #4  provided  smaller 
temperature  differentials  across  the  plate.  The  plate  temperature  was 
also  lower. 
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2  with  Manifold  Configuration  #4 


TEMPERATURE. -F  TEW>fUTU«.*r 


TEST  COP«n|TION  •  ! 


r TEST  CONDITION  $2 


TEST  CONDITIO*  <3 


THERMOCOUPLE  LOCATIONS 


Figure  il3.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  #4)  at  Teat  Condition  Nos.  1  thru  3  (TC  16-21) 


•TEST  CONDITION  I) 


-TEST  CONDITION  t 2 


TEST  CONDITION  #3- 


NOTE:  MANIFMD  CONf IGURATIOf,  #4 


THERMOCOUPLE  LOCATIONS 

Figure  114.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  2 
(Manifold  14)  at  Test  Condition  Nos.  1  thru  3  (TC  8-15) 


Since  this  manifold  configuration  demonstrated  better  thermal  per¬ 
formance,  the  Hus salt  numbers  were  determined  only  for  this  configura¬ 
tion. 

Test  Ho.  1,  Hu  -  37.9 

Test  Mo.  2,  Mu  -  50.7 

Test  Ho.  3,  Hu  ■  59.8 

Because  of  the  smaller  space  occupied  by  manifold  configurations  »3 
and  »4,  It  is  likely  that  surh  manifold  configurations  would  be  selected 
in  actual  equlpstent-cooling  cold  plates. 

TO  improve  the  thermal  performance  of  such  cold  plates,  additional 
experiments  were  performed  by  inserting  gaskets  with  tapered  slots  at 
the  cooling-air  entrance  end  of  the  cold  plate.  Two  gaskets,  with  slot 
sires  as  shown  in  Figure  115,  were  fabricated  and  inserted  between  the 
manifold  and  cold  platej  then,  the  thermal  tests  were  performed.  The 


(«)  (b) 


Figure  115.  Casket  Slots 


narrow  end  of  the  slot  was  placed  at  the  closed  end  of  the  manifold. 
The  gasket  with  the  opening  shown  in  Figure  115a  did  not  show  any 
improvement  in  the  temperature  distribution.  Better  results  were  ob¬ 
tained  with  the  gasket  opening  shown  in  Figure  115b.  Only  the  latter 
results,  therefore,  are  presented.  Because  transistor  13  burned  out, 
only  transistors  il,  12,  M,  and  15  were  energised.  A  constant  elec¬ 
trical  power  of  100  watts  (25  watts  each)  was  dissipated  by  the  four 
transistors,  and  the  thermal  tests  were  performed  at  cooling-air  flow 
rates  of  45  lbs/hr  and  80  lbs/hr.  Similar  tests  were  performed  with 
manifold  configurations  13  and  #4.  Temperature  readings  of  the  ther¬ 
mocouples  are  presented  in  Appendix  A. 

Figures  116  and  117  show  temperature  distribution  across  the  cold 
plate  at  the  sections  Indicated  by  the  thermocouples.  Although  there 
was  improvement  in  temperature  distribution  for  both  manifold  config¬ 
urations  when  the  tapered-slot  gasket  was  installed,  alsost  complete 
temperature  symmetry  was  achieved  for  manifold  configuration  M.  This 
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TEMPERATURE. *F 


Figure  116. 


thermocouple  locations 

Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  * 
(Manifold  #3  with  Tapered  Slot)  at  Teet  Condition 
Hoe.  1  and  2 


THERMOCOUPLE  LOCATIONS 


Figure  117. 


Temperature  Distribution  of  Air-Cooled  Cold  Flat*  No.  2 
(Manifold  94  with  Tapered  Slot)  at  Test  Condition 
Nos.  1  and  2 
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«nlfold  configuration  also  provided  a  lower  plate  tet^erature.  It 
sSould  do  noted,  however,  that  installation  of  the  tapered-alof  gasket 

*  i-r?*r  P*e,,Ur*  dr°P*  «**■  condition  must  be  taken  into  con¬ 
sideration  when  the  pressure  drop  is  limited. 

The  experimentally  determined  Musaelt  numbers  for  manifold  con- 
figurations  ll,  12  and  s4  are  shown  in  figure  118.  The  results  of  this 
coid  plate  experiment  show  the  eame  trend  as  that  of  Cold  Plate  Mo.  1. 

n“U,”lt  nuaber  valvw*1  b*tw**n  manifold  configurations 
fiat  d*  4  <““inl,h*d  **  the  ^ynolds  numbers  were  increased.  The  figure 

itoiJd  llr dlffPr*?t  "“nifold  configuration,  of  this  cold  plate 
showrd  larger  differences  in  the  Nusselt  numbers.  The  figure  also  shows 

number* r^*rU  analytically  *"d  *xperimentally  determined  Hus.elt 

n^bers.  The  difference  is  particularly  large  at  the  lower  Reynold, 
numbers,  indicating  the  effects  of  turbulence. 

HI  Air-Cooled  Cold  Plate  Mo.  3 

/l9^*  “9  ■^OW,  th*  outlin*  of  experimental  air-cooled  Cold  Plate 
mo.  3.  The  air-flow  channel  of  this  cold  plate  measured  3-3/4  x  5/8 
inches,  the  hydraulic  diameter,  D*,  •  4  A/P,  was  0.0895  fti  and  the 
aspect  ratio,  R  -  3.75/0.625.  was  6.  The  cold  plate  was  provided  with 
flanges  to  allow  installation  of  different  manifold  configurations. 

Figure  120  shows  the  cold  plate  with  manifold  configuration  ll. 

The  figure  also  shows  transistor  and  thermocouple  locations.  The  tran- 
tyP*  ,2M1724)  v* r *  attached  directly  to  the  cold  plate  without 
?*!**"'  ,teat'*ink  compound  was  applied  to  all  transistor 
mounting  joints.  Transistor  case  and  cold-plate  temperatures  were  mea- 
sured  at  different  cooling-air  flow  rate,  and  different  electrical  power 
lissipation  rates  from  the  transistors. 


Table  25  presents  all  the  test  conditions  performed 
plate  with  manifold  configuration  #1. 


on  the  cold 


Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 

Figure  121  shows  temperature  distribution  of  the  cold  plate  at  a 
constant  heat  load  of  75  watts  (25  watts  from  each  transistor)  and  dif¬ 
ferent  cooling-air  flow  rates.  The  temperature  measurements  were  taken 
across  the  plate  perpendicular  to  the  air-flow  axis.  Figure  122  showr. 
temperature  distribution  along  the  cold  plate  parallel  to  the  cooling- 
air  fiow  axis.  It  can  be  seen  from  the  figures  that  changes  of  the 
cool  ng-air  flow  rate,  practically  did  not  affect  temperature  gradient, 
wx  hln  the  equipment  mounting  plate.  The  plate  temperature,  however, 
was  significantly  reduced  when  the  cooling-air  flow  rates  wore  in¬ 
creased. 


Figure  123  shows  temperature  distribution  of  the  equipment  mounting 
and  j°ver  plates  at  the  test  conditions  indicated.  Only  half  of  the 
<.o  plate  is  shown  here.  The  figure  also  shows  comparison  between 


NUSSElT  !MERS 


Figure  118.  Experimentally  Determined  Nusseit  Numbers  vs  Reynolds 
Numbers  of  Air-Cooled  Cold  Plate  No.  2 
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with  Manifold 


COHO I T I  ON  #1 


experimental  and  analytical  data.  It  can  be  seen  that  an  excellent 
agreement  between  experimental  and  analytical  data  can  be  achieved  when 
proper  computer  input  data  aro  provided. 


Table  25.  Teat  Conditions  of  Air-Cooled  Cold  Plate  No.  3, 
Manifold  Configuration  #1 


TEST 

HO. 

AIR  FLOW  RATE 
(lb/hr) 

KLECTRICA! 

POWER  INPUT  TO  TRANSISTORS  (watts) 

TR  *1 

TR  »2 

TR  13 

1 

34 

25 

25 

25 

2 

45 

25 

25 

25 

3 

08 

25 

25 

25 

4 

94 

25 

25 

25 

5 

124 

25 

25 

25 

6 

67 

20 

20 

20 

7 

67 

30 

30 

30 

8 

67 

40 

40 

40 

9 

67 

— 

20 

10 

67 

-- 

30 

11 

67 

— 

40 

MB 

12 

67 

— 

50 

-- 

Figure  124  shows  case  temperature  of  the  transistors  as  a  function 
of  cooling-air  flow  rate.  Electrical  power  dissipation  from  the  tran¬ 
sistors  was  maintained  constant  throughout  the  tests,  and  only  the  cool¬ 
ing-air  flow  rates  were  changed.  It  can  be  seen  that  equipment  tempera¬ 
tures  are  significantly  affected  by  the  air  flow  rates.  There  is,  how¬ 
ever,  a  limit  beyond  which  only  minor  benefits  could  be  achieved. 

Figure  125  shows  the  analytically  predicted  temperature  distri¬ 
bution  of  the  equipment  mounting  and  cover  plates  at  test  condition 
No.  5.  The  computer  analysis  was  performed  at  a  constant  electrical 
power  dissipation  rate  and  a  constant  cooling-air  flow  rate,  but  at 
different  thicknesses  of  the  cover  plate:  1/32,  1/10,  and  1/0  inch.  As 
can  bo  seen,  only  a  minor  reduction  of  the  siounting-platc  temperature 
could  be  achieved  by  increasing  the  thickness  of  the  cover  plate  from 
1/32  to  1/8  inch.  The  cover  plate  temperature  was  more  significantly 
affected.  For  weight  saving  purposes,  therefore,  it  is  not  advisable  to 
make  the  whole  plate  of  the  same  material  thickness. 

Figure  126  shows  the  analytically  predicted  temperature  distribu¬ 
tion  of  the  equipment  mounting  and  cover  plates  at  test  condition  No.  1. 
The  computer  analysis  was  performed  at  a  constant  electric  power  dis¬ 
sipation  rate  and  a  constant  cooling-air  flow  rate,  but  at  two  different 
applications  of  the  heat- transfer  coefficients  as  shown  in  the  figure. 
The  heat-transfer  coefficients  used  in  the  analysis  were  determined  from 
experimental  data  discussed  previously.  It  has  been  already  noted  that 
the  convection  heat-transfer  coefficients  for  the  equipment  counting  and 
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NOTE:  TEST  CONDITIONS  *  1,  2,  3, 
4  AND  5 
1 


COOLING  AIR  FLOW  RATE,  LB/HR 


Figure  124. 


Case  Temperature  of  Transistors  vs  Cooling  Air  Flow  Rate 
for  Air-Cooled  Cold  Plate  No.  3  (Manifold  #1) 
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Figure  126.  Te*perature  Distribution  of  Air-Cooled  Cold  Plate  No.  3 
(Manifold  #1)  at  Different  Heat-Transfer  Coefficients 
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cover  plates  are  not  the  tsamoi  and,  if  accurate  thermal  performance  pre¬ 
diction  is  required,  different  heat-transfer  coefficients  for  the  mount¬ 
ing  and  cover  plates  must  be  used.  It  can  be  seen  that  when  the  average 
heat-transfer  coefficient  is  used,  the  predicted  counting  plate  tempera¬ 
ture  will  be  higher,  while  the  cover  plate  temperature  will  be  lower. 
These  are  obvious  results. 

Figure  127  shows  the  case  temperature  of  transistor  12  as  a  func¬ 
tion  of  the  electrical  power  dissipation  rate  from  the  transistor.  The 
figure  is  self-explanatory. 

As  already  indicated,  no  insulating  washers  were  used  in  mounting 
the  transistors}  therefore,  the  cace  temperatures  of  the  transistors 
were  lower  than  they  would  bo  under  actual  conditions. 

The  experimentally  determined  Nusselt  numbers  are  as  follows: 

Test  #1,  Nu}  ■  43.2 

Test  12,  Nu,  -  51.7 

Test  13,  Nu?  *  64.8 

Test  14 ,  Nu(i  -  79.7 

Test  #5,  Nu$  -  92.3 


Figure  128  shows  the  experimental  air-cooled  Cold  Plate  No.  3  with 
the  manifold  configuration  identified  as  »2.  In  this  configuration,  a 
24-inch  straight  section  was  installed  at  the  cooling-air  entrance  end 
of  the  cold  plate  to  reduce  the  turbulence  effects  induced  by  the  mani¬ 
fold.  The  entry  length  in  this  case  was  L  «  x/Dj,  -  2/0.0895  «  22.3 

which,  ir.  accordance  with  Reference  9,  is  below  the  required  length  for 
establishing  a  fully-developed  velocity  profile. 

This  configuration  of  the  cold  plate  was  tested  at  a  constant  heat 
load  of  75  watts  (25  watts  from  each  transistor)  and  five  different 
cooling-air  flow  rates.  The  test  conditions  are  presented  in  Table  26. 

Temperature  measurements  of  the  thermocouples  at  the  different 
cooling-air  flow  rates  are  given  in  Appendix  A. 

Figure  129  shows  temperature  distribution  of  Cold  Plate  No.  3, 
manifold  configuration  12,  at  the  five  different  cooling-air  flow  rates. 

When  the  thermal  performances  of  manifold  configurations  II  and  #2 
are  compared,  it  can  be  seen  that  the  plate  temperature  was  noticeably 
higher  when  the  24-inch  straight  section  was  installed.  For  example,  at 
tost  condition  No.  1,  the  temperature  difference  between  the  two  con¬ 
figurations  at  the  central  section  (TC  #1)  of  the  plate  reached  a  value 
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ELECTRICAL  POWER  DISSIPATION  FROM  TRANSISTOR  12,  WATTS 


Figure  127.  Cam  Temperature  of  Transistor  12  vs  electrical  rower 
Dissipation  Rate  (Cold  Plate  Ho.  3,  Manifold  #1) 
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Figure  128.  Air-Cooled  Cold  Plate  No.  3  with  Manifold  Configuration  12 


Figure  129.  Temperature  Distribution  oC  Air-Cooled  Cold  Plate  Ho.  3 
(Manifold  12)  at  Test  Condition  Nos.  1  thru  5 
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Tible  26. 


Tt,*t  Conditions  of  Air-Cooled  Cold  Plate  Mo.  3, 
Manifold  Configuration  12 


TKST 

NO. 

AIR  now  RATH 
(lb/hr) 

TR  »1 

TR  12 

IS 

34 

25 

25 

25 

mm' 

45 

25 

25 

25 

mm 

60 

25 

25 

25 

WM 

94 

25 

25 

25 

124 

25 

25 

25 

of  fit  •  233-197  -  36*F.  This  occurred  even  though  the  inlet  air  tes»- 
perature  was  a  few  degrees  lower  at  manifold  #2  test  conditions.  The 
hioher  plate  temperature  with  manifold  configuration  »2  can  be  explained 
by  the  reduced  turbulence  at  the  plate  entrance. 

The  experimentally  determined  Nusselt  numbers  are  as  follows! 


Test 

■  1, 

NU, 

■ 

31.7 

Test 

*2, 

Nu, 

m 

36.2 

Test 

•  3. 

Nu, 

- 

43.2 

Test 

•  4, 

Nu, 

- 

52.  3 

Test 

•  5, 

NU^ 

■ 

59.7 

Figure  130  shows  experimental  air-cooled  Cold  Plate  No.  3  with  the 
manifold  configuration  identified  as  #2a.  This  manifold  configuration 
was  similar  to  configuration  »2  except  that  tho  straight  section,  in¬ 
stalled  to  establish  a  fully-developed  velocity  profile,  was  40  inches. 
The  entry  length  in  this  case  was  L  -  4/0.0895  »  45,  which  provided 
sufficient  length  to  establish  a  fully-developed  velocity  profile. 

This  configuration  of  the  cold  plate  was  tested  at  a  constant  heat 
load  of  75  watts  (25  watts  from  each  transistor)  and  five  different 
cooling-air  flow  rates.  The  test  conditions  are  presented  in  Table  27. 

Temperature  measurements  of  the  thermocouples  at  the  different 
cooling-air  flow  rates  are  contained  in  Appendix  A. 

Figure  131  shows  temperature  distribution  across  Cold  Plate  No.  3, 
manifold  configuration  *2a,  at  the  five  different  cooling-air  flow 
rates.  Although  length  of  the  straight  section  in  this  configuration 
was  twice  the  length  of  configuration  «2,  only  a  slight  increase  in 
temperature  was  observed  between  the  two  manifold  configurations.  This 
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Tablo  27.  Test  Conditions  of  Air-Cooled  Cold  Plate  Ho.  3, 
Manifold  Configuration  12a 


condition  indicates  that  the  24-inch  straight  section  provided  the  entry 
length  for  establishing  a  nearly  fully-dove loped  velocity  profile,  at 
least  as  far  as  it  was  possible  for  this  particular  configuration  of  the 
cold  plate. 

The  experimentally  determined  Nusselt  nusu_>ers  are  as  follows: 

Test  No.  1,  Mu(  -  29.5 
Tost  No.  2,  Nu?  •  34.7 
Test  No.  3,  Nus  -  42.9 
Test  No.  4,  Nu1|  •  50.3 
Test  Ho.  5,  Nu^  •  58.5 


Figure  132  shows  experimental  air-cooled  Cold  Plate  No.  3  with  the 
manifold  configuration  identified  as  13.  In  this  mounting  arrangement 
f  the  transistors,  the  cooling-air  flow  distribution  is  not  very  im¬ 
portant,  particularly  if  the  mounting  plate  is  of  thick  and  high  thermal 
conductance  material.  The  main  reason  for  tests  with  this  manifold 
configuration  was  to  investigate  turbulence  effects  upon  the  convection 
hoat-tranafer  coefficients.  This  type  of  manifold  arrangement  is  also 
of  interest  because  it  occupies  the  least  space  as  far  as  installation 
is  concerned.  Similarly  as  with  the  previous  manifold  configuration, 
the  cold  plate  was  tested  at  two  general  conditions:  (1)  a  constant 
heat  load  of  75  watts  (25  watts  from  each  transistor)  and  five  different 
cooling-air  fiow  rat  fa  and  (2)  a  constant  air-flow  rate  of  67  lb/hr  and 
three  different  heat  loads. 

The  test  cotditions  are  presented  in  Table  28. 

Temperature  »t asuroments  of  the  thermocouples  at  all  the  test  con¬ 
ditions  are  given  ii  Appendix  A. 
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Figure  132.  Air-Cooled  Cold  Plate  No.  3  with  Manifold  Configuration  #3 


Tatio  28.  Test  Conditions  of  Air-Cooled  Cold  Plate  Ho.  3, 
Manifold  Configuration  13 


ELECTRICAL  POWER  INPUT  TO  TRANSISTORS 
TR  »1 TR  12  I - 


(watts) 


Figure  133  shows  temperature  distribution  across  the  cold  plate  at 
a  constant  electrical  power  dissipation  rate  of  75  watts  (25  watts  from 

tfan8i*tor)  and  fiv«  different  cooling-air  flow  rates.  Figure  134 
shows  temperature  distribution  of  the  cold  plate  at  a  constant  Jooling- 

svL^J^i  I?  ^  ^hrC*  different  heat  lo*ds-  Doth  figures  show  un- 
-/mmetrical  temperature  distribution  across  the  plate,  indicating  non- 

JJ0"*  WitH  th°  tranaUtor  counting  arrangement  of 
this  cold  plate,  the  flow  and  temperature  distributions  are  not  ii^or- 
tant;  consequently,  no  other  manifold  arrangement  was  tested. 

thr  T  5?*  Cas®  to,BI1craturt,  of  transistor  02  as  a  function  of 

the  cooling-air  flow  rate  at  the  different  manifold  configurations. 

«nifold°«  /I?11  dlJference  in  transistor  temperature  between  the 
Tiatll  H  configurations,  only  one  condition  is  shown  on  the 

figure.  The  figure  shows  that  the  24-inch  section  had  a  significant 

UP°!1  tH!  c°mponont  temperature.  This  indicates  that  the  straight 
trantr  Jb*  *ntry  "urbulence  effects,  thus  reducing  the  heat- 

transfer  coefficients.  Ho  noticeable  temperature  difference  was  ob¬ 
served  between  manifold  #1  and  #3  configurations. 

The  experimentally  determined  Nusselt  numbers  are  as  follows: 

Test  #1,  Nu,  -  48.6 


Test  12,  Nu 


Test  43,  Nu 


Test  14,  Nu 


Test  #5,  Nu 


TEST 

NO. 

AIR  FLOW  RATE 
(lb/hr) 

1 

34 

2 

45 

3 

68 

4 

94 

5 

124 

6 

67 

7 

67 

8 

67 

TEMPERATURE 


THERMOCOUPLE  LOCATIONS 


Figure  133.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  3 
(Manifold  *3)  at  Teat  Condition  Nos.  1  thru  5 
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Figure  135.  Temperature  of  Transistor  #2  vs  Cooling  Air  Flow  Rate 
Comparison  among  Manifold  Configurations  Cold  Plate  M 


Hu  -  0,465{Re)’“(Pr)-* 


Hu  •  0  404(R#) 


HAHJFOtO  CONFIGURATION  #1 


20000 


40000  60000 
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Figure  136.  Experimentally  Determined  Nusaelt  Number*  vs  Reynolds 
Numbers  of  Air-Cooled  Cold  Plate  No.  3 


Nussclt  numbers;  however-  they  did  not  provide  fho  fully-developed  ve¬ 
locity  profile  expected  from  the  length  to  diameter  ratio  (  x/Dfc  ). 

The  small  difference  in  Nusselt  numbers  between  manifold  configurations 
#1  and  13  and  12  and  #2a  diminishes  almost  completely  at  a  Reynolds 
number  of  approximately  15,000.  As  with  the  other  cold  plates,  a  sig¬ 
nificant  difference  can  be  observed  between  the  analytical  and  experi¬ 
mental  results.  The  difference  is  particularly  large  at  the  lower 
Reynolds  numbers.  Doth  the  higher  llusselt  numbers  and  the  different 
slopes  of  the  curves  can  be  explained  by  the  turbulence  induced  by  the 
cooling-air  entry  conditions  and  also  by  the  geometry  of  the  flow  pas¬ 
sage.  It  is  obvious  that  the  turbulence  effects  were  greater  at  the 
lower  flow  rates  and  diminished  in  significance  as  the  flow  rate  is 
increased.  It  can  be  expected  that  at  sufficiently  high  Reynolds  num¬ 
bers  the  experimental  and  analytical  data  will  coincide.  This  can  be 
clearly  observed  from  manifold  configurations  «2  and  «2a. 

(4)  Air-Cooled  Cold  Plate  No.  4 

Figure  137  shows  vve  general  outline  of  experimental  air-cooled 
Cold  Plate  No.  4.  The  air-flow  channel  of  this  cold  plate  was  provided 
with  a  compact  heat  exchanger  core  (strip-fin  type)  with  a  fin  pitch  of 
9  fins  per  inch  and  a  fin  thickness  of  0.010  inch.  Based  on  experience 
that  proves  that  narrow  air-flow  channels  do  not  cause  significant  flow 
distribution  problems,  particularly  when  finned  surfaces  are  used,  tho 
cold  plate  was  made  and  tested  with  only  one  manifold  configuration. 

The  hydraulic  diameter  and  heat-transfer  surface  area  of  the  heat- 
exchanger  core  were  computed  from  swasurements  since  it  was  not  possible 
to  obtain  this  information  from  the  available  literature. 

Since  time  and  funding  problems  prevented  fabrication  of  the  cold 
plate  by  using  the  ordinary  brazing  technique  for  fabrication  of  heat 
exchangers,  the  finned  surface  was  attached  to  the  equipment  mounting 
plate  by  the  simpler  spot-welding  technique.  This  fabrication  tech¬ 
nique,  however,  did  not  provide  a  good  thermal  interface,  and  the  heat 
transfer  data  cannot  be  considered  as  valid.  The  test  data  of  this  cold 
plate  is  presented  only  for  comparison  purposes  as  far  as  temperature 
and  flow  distributions  are  concerned. 

All  the  thermal  tests  performed  with  this  cold  plate  are  presented 
in  Table  29. 


The  temperature  readings  obtained  from  the  different  test  condi¬ 
tions  are  given  in  Appendix  A. 

Figures  138  and  139  show  temperature  distribution  of  Cold  Plate 
No.  4  at  a  constant  power  dissipation  rate  of  100  watts  (20  watts  from 
each  transistor)  and  different  cooling-air  flow  rates.  The  temperature 
distribution  is  shown  at  two  sections  across  the  cold  plate  indicated  by 
the  thermocouple  locations.  When  the  temperature  distribution  of  this 
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Figure  138.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  4 
at  Teat  Condition  Nos.  1  thru  4  (TC  16-21) 
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Figure  139.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  4 
at  Teat  Condition  Not.  1  thru  4  (TC  9-23) 


263 


Table  29.  Teat  Condition!  of  Air-Cooled  Cold  Plate  No.  4 


TEST 

NO. 

AIR  PLOW  RATE 
(lb/hr) 

ELECTRICAL  POWER  INPUT  TO  TRANSISTORS 

(watts) 

TR  fl 

TR  12 

TR  13 

TR  »4 

TR  #5 

1 

34 

20 

mm 

20 

20 

20 

2 

56 

20 

11 

20 

20 

20 

3 

94 

20 

20 

20 

20 

20 

124 

20 

20 

20 

20 

20 

68 

— 

-- 

20 

_ 

68 

— 

— 

35 

-- 

D 

68 

-- 

-- 

50 

— 

-- 

cold  plato  is  compared  with  the  ones  previously  tested  and  having  the 
sa»e  manifold  arrangement,  some  peculiar  differences  can  be  noted.  The 
other  cold  plates  with  similar  manifold  configurations  had  lower  tem¬ 
peratures  opposite  the  cooling-air  entrance  side  of  the  cold  plate,  but, 
a*  th*  figures  indicate,  this  cold  plate  had  lower  temperatures  at  the 
cooling-air  entrance  side.  Although  the  temperature  difference  between 
the  two  sides  of  the  plate  was  not  significant,  it  must  be  taken  into 
consideration  when  such  a  cold  plate  is  designed. 

This  difference  in  temperature  distribution  was  probably  caused  by 
the  different  manifold  attachment  technique.  The  cooling-air  inlet  and 
discharge  manifolds  of  this  cold  plate  were  welded  directly  to  tho 
equipment  mounting  plate,  and  were  able,  therefore,  to  take  part  in  tho 
heat  transfer  as  an  additional  extended  surface.  This  condition  en¬ 
hanced  heat  flow  in  the  direction  of  the  cooler  inlet  air,  thus  reducing 
the  temperature  of  the  air-inlet  side  of  the  cold  plate.  It  was  found 
that  not  only  the  length-to-diameter  ratio  of  the  manifold,  but  also  the 
s lot- to-mani fold  area  ratio  affects  flow  and,  thus,  temperature  dis¬ 
tribution. 

Figure  140  shows  temperature  distribution  across  the  cold  plate  at 
a  constant  air  flow  rate  of  68  lbs/hr,  but  at  different  power  dissipa¬ 
tion  rates  from  transistor  #3  (only  transistor  #3  was  energized).  This 
thermal  loading  provided  an  almost  completely  symmetrical  tereperaturo 
distribution  across  the  cold  plate. 

Figure  141  shows  the  case  temperature  of  transistors  #1  and  #2 
versus  the  cooling-air  flow  rate.  Power  dissipation  from  the  transis¬ 
tors  was  maintained  constant  (100  wetts  total,  20  watts  from  each 
transistor)  while  the  cooling-air  flow  rate  was  varied  from  34  lbs/hr  to 
1^4  lbs/hr.  It  con  be  seen  from  the  figure  that  only  a  minor  reduction 
of  transistor  temperature  can  be  achieved  by  increasing  the  cooling-air 
flow  rate  above  approximately  70  Ibs/hr. 
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Figure  141.  Cate  Temperature  of  Translator*  vs  Cooling  Air  flow  Rate 
for  Air-Cooled  Cold  Plate  No.  4 


266 


(5)  Air-Cooled  Cold  Plate  No.  5 

Figure  142  shows  the  outline  of  experimental  air-cooled  Cold  Plate 
No.  5.  Tho  air-flow  channel  of  thi«  cold  plate  measured  1/4  x  6  inches 
and  was  provided  with  a  finned  core  having  a  surface  geometry  identified 
in  Reference  27  as  plate-fin  surface  11.1  (11. 1  fins  per  inch).  The 
hydraulic  diameter,  D^,  of  this  surface  geometry  was  0.01012  ft»  the 
total  heat  transfer  area/volume  between  plates,  8  ■  367  ftI/ft,i  and  the 
fin  area/total  area  was  0.756.  The  cold  plate  was  provided  with  flanges 
to  allow  installation  of  different  manifold  configurations. 

The  fabrication  of  this  cold  plate  was  performed  in  accordance  with 
the  practice  used  in  the  fabrication  of  heat  exchangers  (heat  exchanger 
core  brazed  to  the  plates),  and  the  experimentally  determined  heat- 
transfer  coefficients  and  Nusselt  numbers,  therefore,  are  presented  and 
compared  with  available  test  data  and/or  analysis. 

Fioure  143  shows  tl«,  cold  plate  with  manifold  configuration  #1. 

The  figure  also  shows  transistor  and  thermocouple  locations.  Two  mount¬ 
ing  arrangements  were  used  for  mounting  the  power  transistors  to  the 
cold  plate.  One  of  the  transistors  was  mounted  on  a  flat  reinforcement 
strip,  while  the  others  were  mounted  on  angle  brackets  brazed  on  the 
cold  plate. 

Figure  144  shows  the  transistor  mounting  arrangement  on  the  bracket 
with  insulating  washers,  although  such  washers  were  not  used  in  these 
tests.  The  primary  purpose  of  these  tests  was  to  determine  the  thermal 
performance  of  tho  cold  plates.  If  the  heat-sink  (cold  plate)  tempera¬ 
tures  can  be  accurately  predicted;  then,  the  component  temperatures  can 
be  computed,  based  on  known  mounting- joint  thermal  resistances. 


INSULATING  WASHERS 


2N1724  POWER  TRANSISTOR 


THERMOCOUPLES 


Figure  144.  Mounting  of  Transistor  on  Bracket 


Transistor  case  and  cold  plate  temperatures  were  measured  at  dif¬ 
ferent  cooling-air  flew  rates  and  different  electrical  power  dissipation 
rates  from  the  transistor. 
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Table  30  presents  all  the  test  conditions  performed  on  the  cold 
plate  with  manifold  configuration  PI. 


Table  30.  Test  Conditions  of  Air-Cooled  Cold  Plate  Ho.  5, 
Manifold  Configuration  #1 


TEST 

NO. 


1 

2 

3 

4 

5 

6 
7 


AIR  FLOW  RATE 
{ lb/hr) 


45 

80 

124 

68 

68 

68 

68 


ELECTRICAL  POWER 

INPUT  TO  TRANSISTORS 

(watts) 

TR  #1 

TR  #2 

TR  #3 

TR  #4 

TR  #5 

20 

mm 

mm 

20 

mm 

20 

■oP 

20 

-  wm 

20 

20 

20 

20 

20 

30 

30 

30 

30 

30 

40 

40 

40 

40 

40 

50 

50 

50 

50 

50 

50 

— 

— 

Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 

Figuro  145  shows  temperature  distribution  of  the  cold  plate  at  a 
constant  heat  load  of  100  watts  (20  watts  from  each  transistor)  and 
different  cooling-air  flow  rates.  Comparison  between  analysis  and 
experimental  data  is  also  made  at  the  coolino-air  flow  rate  of  45  lbs/ 
hr.  As  can  be  seen,  the  predicted  temperatures  are  about  4°F  higher 
than  the  actually  measured  temperatures,  which  can  be  considered  an 
excellent  agreement. 

A  convection  heat-transfer  coefficient  of  h  -  8  Dtu/hr  ft2oF  was 
used  in  the  computer  analysis.  It  can  be  concluded  from  the  figure  that 
the  actual  heat-transfer  coefficient  was  somewhat  higher. 

Figure  146  shows  transistor  case  temperatures  as  a  function  of 
cooling-air  flow  rates.  The  figure  clearly  shows  effects  of  mounting 
methods  and  location  of  the  transistors  along  the  air-flow  path.  As  can 
be  expected,  the  bracket-mounted  transistors  had  higher  temperatures 
than  the  one  mounted  directly  on  the  plate.  The  difference  in  tempera¬ 
ture  between  transistors  #1  and  #5  (mounted  on  the  same  bracket)  was 
caused  by  the  rising  temperature  of  the  cooling  air. 


It  must  also  be  noted  that  the  transistor  temperature  was  reduced 
by  approximately  17°F  when  the  cooling-air  flow  rate  was  increased  from 
45  to  124  lbs/hr.  Increasing  the  cooling-air  flow  rate  over  100  lbs/hr 
would  not  provide  any  benefits  ir.  component  temperature  reduction. 
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Figure  145 


Temperature  Distribution  of  Air 
(Manifold  #1)  at  Test  Condition 


Cooled  Cold  Plate  No.  5 
Nos.  1  thru  3 


Figure  146.  Case  Temperature  of  Transistors  vs  Cooling  Air  Flow  Rate 
for  Air-Cooled  Cold  Plate  No.  5  (Manifold  #1) 
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°f  *1*  ***ntr  ,,g,,*U  numbers  (as  compared  with  the 

H  ?3  *!,  tK?  pUU  and  COPp°n#nt  t**p*ratur««  were  much  lower. 

*  siicating  the  effectiveness  of  finned  eir-flow  channels. 

Figure  147  show*  the  case  temperature  of  the  transistors  as  a 

K»"r  dl*“P“‘0"  r.t..  fro.  th.  transistor*. 

.  fl°"  '*'*  of  M  lb*^t  «•  Mlntalnad  throu,hout 

the  three  test  conditions.  All  the  translators  were  energised  with 

th*  *“*  ®lectrical  *****  <***"*  Power  adjustments  were 
difficult  because  two  transistors  were  energised  by  one  power  supply). 

,,  r-  **  ^*n  U  **""  th4t  with  increased  power  dissipation,  the  tempera¬ 
ture  Ji f ference  among  the  transistors  was  Increased.  The  rate  of  tem- 

^1*^4  CrT4i!.Wa!  tH*  Ur9#,t  for  transistor  «5  which  was  located  at 
V  discharge  end  of  the  cold  plate.  The  figure  clearly 
*5°]?  importance  of  mounting  methods  and  the  location  of  components 
o  high  power  d  .station  rates.  If  bracket  mooting  must  be^T^ 

be9sel^teddU,lP4tln9  CO,,,,on•nt•'  br*ckets  of  thicker  material  should 

The  experimentally  determined  Nusselt  numbers  are  as  follows i 
Test  Ho.  1,  Nu(  •  5.74 
Test  Mo.  2,  Hu}  •  8.73 
Test  No.  3,  NUj  -  11.71 

-.-i/l!"*  I?®  Bh0T§  •*p®ri"®ntal  *ir-cooled  Cold  Plate  No.  5  with  the 
manifold  configuration  identified  as  #2.  In  this  configuration,  a  12- 
Inch  straight  section  was  Installed  at  th*  cooling-air  inlet  end  of  the 
cold  plate  to  reduce  the  turbulence  effects  induced  by  the  manifold. 

,  ^  TJi'  configuration  of  the  cold  plate  was  tested  at  a  constant  heat 

^linn  ai?  «“*  (2°  ***1!  fr°"  MCh  tranii*«‘r)  «nd  three  different 
cooling  air  flow  rates.  The  test  conditions  are  presented  in  Table  31. 

Table  31.  Test  Conditions  of  Cold  Plate  No.  5, 

Manifold  Configuration  »2 


AIK  FLOW  RATE 
(Ib/hr) 


UJCTRICAL  POWER  INPIT  TO  TRANSISTORS  (watts) 
TR  •!  J  TR  »2  |  TR  »3  |  TR  «4  |  TR  SS_ 


TEMPERATURE  ,*F 


Temperature  reading!  of  the  thermocouples  at  the  different  test 
conditions  ere  given  in  Appendix  A. 

Figure  149  shows  temperature  distribution  of  Cold  Plate  No.  5  with 
manifold  configuration  12.  Except  for  a  few  degrees  higher  temperature, 
temperature  distribution  of  the  cold  plate  is  practically  the  same  as 
with  manifold  configuration  (1. 

The  experimentally  determined  Mutselt  numbers  are  as  follows! 

Test  »1,  Nu(  *  5. 86 

Test  12,  Nu?  -  7.93 

Test  13.  Nu  -  10.41 


Figure  150  shows  experimental  air-cooled  Cold  Plate  No.  5  with  the 
manifold  configuration  identified  as  »3.  In  this  manifold  configura¬ 
tion,  the  cooling  air  entered  at  one  side  of  the  cold  plate  and  left  at 
the  other  side.  The  test  conditions  are  listed  in  Table  32. 


Table  32.  Test  Conditions  of  Air-Cooled  Cold  Plate  No.  5, 
Manifold  Configuration  «3 


TT.ST 

NO. 

AIR  FLOW  RATE 
( lb/hr ) 

ELECTRICAL  PCWF.R 

INPUT  TO  TRANSISTORS 

(watts) 

j  TR  «1 

TR  *2 

TR  S3 

TR  14 

TR  *5 

1 

45 

mm 

is 

mm 

m 

11 

2 

80 

E2 

jrl 

■  1^ 

124 

20 

20 

20 

20 

20 

H 

68 

50 

— 

— 

Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 

Figure  151  shows  temperature  distribution  across  the  cold  plate  at 
the  three  different  cooling-air  flow  rates.  It  can  be  seen  that  a  power 
dissipation  of  20  watts  per  each  transistor  did  not  cause  any  signifi¬ 
cant  temperature  gradients  within  the  plate.  The  temperature  distri¬ 
bution  across  the  plate  was  also  quite  syssnetricali  only  a  very  small 
temperature  difference  between  the  two  sides  of  the  plate  could  be  ob¬ 
served.  The  figure  also  shows  that  plate  temperature  decrease  (with 
increased  flow  rates)  practically  stopped  at  a  flow  rate  of  w  -  124 
lbs/hr. 

Figure  152  shows  temperature  distribution  across  the  cold  plate  at 
a  cooling-air  flow  rate  of  ■  68  lbs/hr  and  an  electrical  power  dis¬ 
sipation  of  50  watts  from  transistor  #3  (only  transistor  13  was  ener¬ 
gized).  Because  of  the  highly  concentrated  heat  load,  the  temperaturo 
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Figure  149.  Temperature  Distribution  of  Air-Cooltid 
(Manifold  *2)  at  Test  Condition  Nos.  1 


tnf  anting  plate  was  increased,  it  was,  hoover,  sig- 
facia  ^  l0Ver  1  tHat  °f  the  C°ld  plate*  without  the  finned  sur- 


Tho  experimental ly  determined  Husselt  numbers  arc  as  follows: 
Test  No.  1,  -  6.8 

Test  No.  2,  Hu  -  9.43 
Test  Ho  3,  HUj  -  10.03 


Figure  153  shows  the  experimental  air-cooled  Cold  Plate  Ho.  5  with 
the  manifold  configuration  identified  as  »4.  Tests  with  th*s  manifold 
configuration  were  performed  only  for  cos^arison  purposes,  although  no 
significant  differences  in  the  thermal  performance  were  expected. 


Table  33  presents  test  conditions  performed  with  this 
configuration. 


manifold 


Table  33.  Test  Conditions  of  Air-Cooled  Cold  Plate  No.  5, 
Manifold  Configuration  #4 


TEST 

HO. 


AIR  FLOW  RATE 
(lb/hr) 


ELECTRICAL  POWER  IN^T  TO  TRANSISTORS  (watts) 


TR  «1 


TR  #2 


TR  »3 


TR  14 


TR  »5 


1 

2 

3 

4 


45 

80 

124 

68 


20 

20 

20 


20 

20 

20 


20 

20 

20 

50 


20 

20 

20 


20 

20 

20 


Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 

Figure  154  shows  temperature  distribution  across  the  cold  plate  at 
a  constant  heat  load  of  100  watts  (20  watts  from  each  transistor)  and 
different  cooling-air  flow  rates.  As  can  be  seen  from  the  figure, 
temperature  distribution  across  the  cold  plate  was  almost  cos^letcly 
symmetrical  indicating  a  uniform  flow  distribution. 

The  experimentally  determined  Nusselt  numbers  are  as  follows: 

Test  No.  1,  NUj  -  6.79 

Test  No.  2,  Nu^  -  9.31 

Test  No.  3,  Nu  -  12.21 
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Figure  154.  Temperature  Diatribution  of  Air-Cooled  Cold  »late  No.  5 
(Manifold  14)  at  Teat  Condition  Noa.  1  thru  3 


13 


Figure  155  BhcMS  experimentally  determined  Nussclt  numbers  as  a 
function  of  Reynolds  numbers  for  air-cooled  Cold  Plate  No.  5.  The 
figure  shows  comparison  of  the  Nussclt  numbers  among  the  different 
manifold  configurations.  Results  obtained  from  manifold  configuration 
#3  are  not  presented  because  the  values  obtained  fall  between  those  for 
manifold  configurations  #2  and  #4.  As  can  be  concluded  from  the  figure, 
tho  different  manifold  configurations  and  arrangements  did  not  have 
significant  effects  upon  thermal  performance  of  this  cold  plate. 

The  experimentally  determined  Nusselt  numbers  were  also  compared 
with  the  values  obtained  from  Kays  and  London  in  "Compact  Heat  Exchang¬ 
ers"  (Ref  27).  Nusselt  numbers  computed  from  the  reference  almost 
completely  coincide  with  the  Nusselt  numbers  obtained  for  manifold 
configuration  #1.  The  Siedor  and  Tate  expression  for  computing  Nusselt 
numbers  under  laminar  flow  conditions  gave  lower  values  than  experi¬ 
mentally  determined,  and  a  completely  different  slope  of  the  graph. 

(6)  Air-Cooled  Cold  Plate  No.  6 

figure  156  shows  the  outline  of  experimental  ai*--cooled  Cold  Plate 
No.  6.  The  air-flow  channel  of  this  cold  plate  measured  1/2  x  6-1/4 
inches  and  was  provided  with  a  compact  heat-exchanger  core,  having  a 
pitch  of  14  fins  per  inch  and  a  fin  thickness  of  0.006  inch,  because  it 
was  not  possible  to  obtain  data  about  the  hydraulic  diameter  and  heat 
transfer  surface  area  of  this  heat  exchanger  core,  these  values  were 
computed  from  measurements  as  follows: 


D 


h 


Area^ 

Perimeter 


-  0.00043  ft 


The  total  heat-transfer  surface  area  was  computed  to  be: 


A  ■  A 


fin 


A} ^  -  3.000  ft2 


The  free  flow  area  was  computed  to  be: 


A{  l  -  0.0179  ft2 


Time  and  funding  problems  prevented  application  of  the  more  expen¬ 
sive  ordinary  heat  exchanger  fabrication  techniques.  A  spot-welding 
technique  was  used  for  attaching  the  heat-exchanger  core  to  one  side  of 
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ImANIFOLO  CONFIGURATION  »2 


Nu,  •  0.0529(Re)*  (Pr) * 
Nu,  -  0.134(Re)**" (Pr) 
Nu„  •  0.136(Re)**‘(Pr)*1 


REYNOLDS  NUMBERS 

Fiqure  155.  Experimentally  Determined  Nusselt  Numbers  vs  Reynolds 
Numbers  of  Cold  Plate  No.  5  at  the  Different  Manifold 
Conf igurations 


Figure  156.  Air-Cooled  Cold  Plate  No. 


ide  LTT ‘  *runtJn9  "Urf*r*»  conductive  epoxy  was  used  on  the  oth,r 
.  Both  sides  of  the  cold  piste  were  provided  with  equipment  mount¬ 
ing  Bur  feces;  and  to  investigate  the  effects  of  different  mini  fold  -on- 

^;^w^~di,,'‘h‘uon  ‘■"d  h**t  ""*f"  •h-  -m  pu» 

«' ~r*  -  «*•“-*«  ™,  i;r' 

iS.ar«^.iL^r  ^  "jrK,uctiv'  «**>«»  «•■  ^  ()u„  th„ 

11  i  e  was  <  xpected) .  The  heat  transfer  coefficients,  therefore 
cannon  be  considered  as  valid  and  will  not  be  presented.  The  temt^r- 

T  t#",>eratUr*  distribution  graphs  will  lie  mainly 
resenttd  for  comp-arlson  purposes,  and  to  demonstrate  the  effects  of 
mani fold  configuration  upon  the  ,  irt icular  flow  passage  ge^y 

manifi.TrW  J?7  air-cooled  Cold  Plate  No  6  with  the 

ir  fnd^yUr*ti0?  “  M*  **  also  show,  tnm- 

V**°r  1  tfiermocoui^le  locations.  Only  the  side  of  the  cold  plate  is 
»nowr,  where  epoxy  was  used  for  attaching  the  heat-exchanger  cote  to  the 
equipment  mounting  surface.  The  transistors  (type  2M1724)  were  atta  he! 

Sr^s^ir*  Wlt,WUt 

SSmrU.  **?  °n  *U  transistor  mounting  joints.  Because  of  limited 

srsrrr"' ,h”  t'*'-r''ur-  °f  *>>  «- 
"*r,ot''d  vuh  ,hu  m,',it°u — 


.able  34.  Test  Conditions  of  Air-Cooled  Cold  riate  No.  6, 
Manifold  Configuration  *1 


TEST 

MO. 

AIK  FLOW  RATE 
(lb/hr) 

ELCCTR! 

~A1*  l*OWFR  INPUT  TO  TRANSISTORS  (watfnl  1 

TR  »1 

TR  *2 

TR  •  3 

TR  (4 

TR  S5 

H 

45 

80 

124 

80 

18 

18 

18 

22 

22 

22 

as 

H 

B 

T^r.tur.  reading,  of  the  thermocouple,  at  the  different  test 
conditions  are  given  in  Append i x  A. 

figure  158  •*°w«  temperature  distribution  across  the  cold  plate 

t0  th*  flOW  figures  ISU  and  1G0  show  temperature 

distribution  along  the  cooling-sir  flow  stream.  The  tout*  were  t>er- 

different  cooling-air  flow  rates,  but  constant  electriwl 
power  dissipation  rates  from  the  transistors.  Only  the  transistors 
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Figure  157.  Air-Cooled  Cold  Plate  Mo.  6  with  Manifold  Configuration  #1 


11 


8 


19 
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Figur*  158.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  0 
(Manifold  #1)  at  Test  Condition  Nos.  1  thru  3  (TC  13-17) 
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Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  6 
(Manifold  *1)  at  Test  Condition  Nos.  1  thru  3  (TC  11-19) 
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Figure  160.  Temperature  Distribution  of  Cold  Plate  No.  6  (Manifold  #1) 
at  Test  Condition  Nos.  1  thru  3  (TC  7-17) 


Mounted  on  the  aide  shown  were  energized.  Ae  ran  be  expected,  the 
largest  tcmperiture  differences  of  the  cold  plate  occurred  along  the 
cooling-air  flow  stream.  The  figures  are  self-explanatory  and  clearly 
sliow  the  trend  in  temperature  distribution  vnen  air  is  used  as  a  cooling 
medium. 

Figure  lol  shows  the  case  te^erature  of  transistor  Nos.  1  and  3 
versus  the  cooling-air  flew  rate.  Similarly  as  with  the  other  cold 
plates  provided  with  compact  heat-exchangor  cores,  there  was  no  signifi¬ 
cant  reduction  in  component  temperature  within  the  flow-rate  range  in 
which  the  tests  were  performed.  The  gain  in  tesfwjrature  reduction  was 
negligible  above  a  cooling-air  flow  rate  of  approximately  80  lbs/hr. 

Thermal  tests  were  also  performed  with  a  24-inch  section  installed 
at  the  cooling-air  entrance  end  of  the  cold  plate.  Similarly  as  with 
the  other  cold  plates,  a  temperature  increase  of  only  a  few  degrees 
could  be  observed.  Test  results  with  this  manifold  configuration, 
therefore,  are  not  presented. 

The  conclusions  drawn  from  the  experiments  performed  with  the  other 
cold  plates  indicate  that  manifold  configuration  »4  provided  the  best 
cooling-air  flow  distribution.  Only  this  suinifold  configuration,  there¬ 
fore,  was  selected  for  further  thermal  tests  of  Cold  Plate  No.  6. 

Figure  162  shows  Cold  Plate  No.  6  with  manifold  configuration  #4. 

In  this  manifold  configuration,  the  cooling  air  was  admitted  and  dis¬ 
charged  at  the  same  side  of  the  cold  plate.  Transistor  and  thermocouple 
locations  are  indicated  in  the  figure,  and  are  actually  the  same  as 
shown  in  Figure  157. 

Table  35  presents  all  the  test  conditions  performed  with  this 
manifold  configuration. 


Table  35.  Teat  Conditions  of  Air-Cooled  Cold  Plate  No.  6, 
Manifold  Configuration  M 


TEST  AIK  FLOW  RATE 

NO.  (lb/hr) 


ELECTRICAL  POWER 


TR  »1 


TR  »2 


1 

2 

3 

4 


45 

80 

124 

80 


22 

22 

22 


20 

20 

20 


INPUT  TO  TRANSISTORS 


TR  (3 


TR  *4 


20 

20 

20 

50 


20 

20 

20 


(watts) 
TR  15 

20 

20 

20 


Temperature  readings  of  the  thermocouples  at  the  different  test 
conditions  are  given  in  Appendix  A. 
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Figure  161.  C«.e  Temperature  of  Transistors  vs  Cooling  Air  Flow  Rate 
for  Cold  Plate  No.  6  (Manifold  #1) 
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Figure 
tion  of  tho 
can  be  seen 
tion  across 
even  though 
ployed. 


iS  /SE  temperature  distribution  across  the  central  sec- 

He  fiaurnH,,  ?Ular  t0  th*  0001109  air  floW  *tr<*am.  ** 
thT.  a  w  qUife  “  8y”«ctrical  temperature  distribu- 
the  cold  plate  was  achieved  with  this  manifold  configuration 
r.o  special  means  for  improving  flow  distribution  were  em- 


..  ^Fi?“rS  8hows  tenPcrature  distribution  across  the  cold  plate  at 

b  “  in9;4lr  TranCe  °nd'  While  165  show,  temr>eraturc  dU- 

tribution  along  the  cooling-air  flow  stream  at  the  thermocouple  lo¬ 
cation,  indicated.  From  Figure  164,  it  can  be  concluded  that  th^  rool- 
ing-air  flow  distribution  was  quite  uniform. 

Because  of  the  improper  extended  surface  attachment  technioues 

r«Ud  »“*.■»  c.nnot  b.  considered 

vaiii  and,  therefore,  are  not  presented. 

3.  Thermal  Performance  Comparison  of  Air-Cooled  Cold  Plates 

mcnts^f\Uhe  -f  ^  T7  ^Mible  configurations  and  manifold  arrange- 
the  the™? cold  plates,  it  is  of  interest  and  importance  to 
Iffoc?3\  *'!  /o  squire  knowledge  about  the  different  parameters 

^ld  plated  Th  ™f<r  "7  flOW  dUtributi°"  of  electronic-equipment 
°  ?£***•  ™ '  performanc<?  characteristics  of  all  the  cold  plates 

ith  the  different  manifold  configurations,  therefore,  are  compared  and 

Tul  ^d^ince  fffCCtlng  b°at  transfer  ar|d  flow  distribution  are  dis- 
cusLed.  Since  two  general  types  of  cold  plate i  were  tested  fwith 

without  finned  surfaces),  each  of  the  two  type,  H  disced  cl- 
tr[bution!r°  ba“e'1  °"  ^  hCat  tranBfer  and  the  cooling-air  flow  dis- 

surfaces?1*  COBJ>arl*°"  ia  made  amon*  the  cold  plates  without  extended 

coeffIil^t.16Bt^rf^rrimCntaily  d?termined  convection  heat-transfer 
PU  o  '  2  /n*  ,  //  "  L funCtion  of  "V»W*  numbers  of  Cold 

7  I'  2  ^  3'  C,:in  1x5  8een  that  Cold  Platc  No.  1  had  the 
highest  heat-transfer  coefficient,  and  Cold  Plate  No.  2  had  the  lowest 

sam?  six?  Ind°iimnat*?  had.*<*ui***nt  anting  surfaces  of  exactly  the 
i  t-u  8imilar  transistor  arrangements.  The  only  difference  was 

in  the  width  of  the  cooling-air  flow  channel.  Results  of  the  c^Ir^on 

n™"”,^trUvn°“CL'iiMUhShd  4"  S'Cti°n  V’  hl,,h  ««VnoW,  m-ter.  do 
n  t  necessarily  provide  high  heat-transfer  coefficients;  the  hydraulic 
diameters  must  be  small.  ^  figure  alfio  reveal8  that" 

bets.63  ranS  Cr  co*fficiont8  increased  with  increased  Reynolds  num- 

-  ^Pari80n  with  Cold  pl-te  No.  3  is  difficult  because  of  the  dif¬ 
ferent  transistor  mounting  arrangement. 

configuration  ^  PM"ented  ""  °btai"ed  with  "“"“old 
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Figure  163.  Temperature  Distribution  of  Air-Cooled  Cold  Plate  No.  6 
(Manifold  #4)  at  Test  Condition  Nos.  1  thru  3  (TC  13-17) 
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Figure  165.  Temperature  Distribution  of  Cold  Plate  No.  6  (Manifold  #4) 
at  Test  Condition  Nos.  1  thru  3  (TC  7-17) 


2S8 


Figure  167  shows  experimentally  determined  Nussclt  numbers  as  a 
function  of  Reynolds  numbers.  While  Cold  Plate  No,  1  showed  the  highest 
heat-transfer  coefficients,  it  had  the  lowest  Nusselt  numbers.  The 
figure  indicates  that  judgement  about  thermal  performance  cannot  be 
based  only  upon  the  Nusselt  numbers. 

Figure  168  shows  convection  resistance,  °C/watt,  versus  cooling-air 
flow  rate,  lb/hr.  The  convection  resistance  is  based  on  the  mean  maxi¬ 
mum  mounting  plate  temperature,  Fpl(majc).  Cold  Plate  No.  1  provided  the 
lowest  convection  thermal  resistance  based  on  an  equal  cooling-air  flow 
rate,  therefore,  the  lowest  equipment-mounting  surface  temperature. 

Regardless  of  the  fact  that  Cold  Plate  No.  3  had  higher  convection 
heat-transfer  coefficients  than  Cold  Plate  No.  2,  it  had  the  highest 
convection  thermal  resistance.  This  condition  can  probably  bo  explained 
by  both  the  larger  hydraulic  diameter  and  the  component  mounting  ar¬ 
rangement. 

When  thermal  performance  of  similar  cold  plates  with  different 
manifold  configurations  is  compared,  it  can  be  soon  from  the  test  re¬ 
sults  that  the  lowest  heat-transfer  coefficients  were  obtained  with 
manifold  configuration  #2,  and  the  highest  with  manifold  configurations 
#3  and  #4.  These  differences  can  be  explained  by  the  smaller  or  larger 
turbulence  effects  induced  to  the  cooling-air  stream  entering  the  cold 
plate.  It  should  also  be  noted  that  the  largest  differences  between  the 
different  manifold  configurations  occurred  with  the  cold  plates  having 
the  largest  hydraulic  diameters. 


Heat-transfer  coefficients  predicted  by  using  standard  textbook 
equations  were  lower  than  those  determined  from  test  results  for  all  the 
cold  plates  tested. 

Another  item  of  interest  is  the  cocling-air  flow  distribution 
within  the  air-flow  channel.  Nonuniform  flow  distribution  caused  by 
manifold  configurations  and  arrangements  will  also  cause  distorted 
temperatures  across  the  component  mounting  surface.  Such  conditions  arc 
not  desirable  and  can  cause  problems  in  component  mounting  and  system 
performance.  The  test  results  indicate  that  quite  a  significant  flow, 
thus  also  temperature  distortions,  can  occur  under  certain  manifold 
configurations  when  means  are  not  provided  for  improving  th-»  cooling-air 
flow  distribution.  Magnitudes  of  the  temperature  distortions  can  be 
obtained  from  the  data  presented  in  the  text. 

H  can  bo  concluded  from  the  test  results  that  manifold  configura¬ 
tions  #3  and  #4  caused  the  largest  temperature  distortions  for  the  flow 
channels  of  smaller  aspect  ratios  {largest  hydraulic  diameters).  When 
the  two  manifold  configurations  are  compared,  it  can  be  seen  that  mani¬ 
fold  configuration  #4  provided  more  uniform  flow  and  temperature  dis¬ 
tribution  than  manifold  configuration  #,>.  Although  from  the  trans¬ 

fer  and  space  utilization  standpoint  it  is  of  advantage  to  select  the 
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above  manifold  configurations,  pressure  drop  and  flow  distribution 
problems  must  be  taken  Into  consideration  when  cold  plates  are  designed. 
Treasure  drop  is  significantly  increased  when  tapered  slots  are  used  for 
improving  cooling-air  flow  distribution.  t0r 

Thermal  performance  comparison  among  the  cold  plates  provided  with 
inned  aurfac«  cannot  be  made  because  of  the  different  manufacturing 
techn  gues  used  for  attaching  the  heat -exchanger  cores  to  the  equipment 
mounting  surface.  Important  conclusions,  however,  can  be  drawn  fro.  ' 

and  Mnifoid  -  r«  *. now  and 

►  distributions  are  concerned.  While  flow  distribution  of 
.id  plates  without  finned  surfaces  was  eignif icantly  affected  by  man- 

^  J  phUrM  f'!  n  rd  M*  th*  flw  distribution  of  cold  pUt.es 
provided  wi _h  finned  surface,  was  not,  although  the  cooling-air  flow 

tLr:  ‘°f,r  ?  ^  001,1  pUte*  WCr*  ■4"lUr-  It  can  be  concluded 

H  ^  °  Ch',nncl  contribute,  to  the  nonunion*,  flow 

di  ^  ^-o f^“  ?°nC^"i0?  U  ,u,,port#d  bV  comparing  the  temperature 
distribution  of  the  finned  cold  plates.  Cold  Piste  No.  4,  having  the 

"ondi t  i  '1Bp*ct  ratio*  *how<d  the  largest  temperature  distortion.  This 
explained  by  the  strip-fin  heat-cxchanger  core  which 

PU^LT"?  CTr  l0W  of  th«  uninterrupted  fin.  of  Cold 

Although  it  is  obvious  that  cold  plates  provided  with  finned  sur- 
£r;%Ut I  Ton  Jiandr5TUnq  *f  thermal  performance  of 

^  t^™i.^nof5uLha^;.i"Uar  air’now  iB  d 

Figure  1C9  shows  the  comparison  (between  Cold  Plate  Nos.  1  and  5) 

ei.!?^riri!t*11r;d#t#r"in*d*  ^rcd-convectlon  heat-transfer  coeffi- 
c  ent.  and  Reynold,!  numbers.  The  figure  clearly  show,  the  significant 
difference  in  the  heat-transfer  coefficients. 

Figure  170  shows  the  comparison  of  convection  resistance,  and 
cooling-air  flow  rate  among  th*  four  eold  plates.  A  significant  reduc- 
tion  in  contraction  heat-transfer  resistance  can  be  achieved  by  extending 
he  heat  transfer  surface  area  by  the  application  of  fins. 

Trans^M71  **?  lh#  COm{>*riaon  aBOn^  th*  three  cold  plate,  of 
Transistor  13  temperature  and  the  cooling-air  flow  rate.  The  lo¬ 

cation  on  the  cold  plate  and  the  mounting  of  Transistor  *3  was  the  same 
or  all  the  cold  plates.  The  fiquro  clearly  shows  the  advantage  in 

!T7^r*  r*duction  of  «Wnent.  when  extended  surfaces  ars  used.  It 
.hould  bn  not*)  Out  cold  Pi...  no,.  1  .„d  2  ..pnrl.ncnd  »r.  .Sl- 

W«.TJ,I“',^ldh*?9*,  "‘!h  cooll",'*‘r  r.t.  ch.n,..  than  Cold 

Plate  No.  5.  Cold  plates  without  finned  surfaces  experienced  laroer 

tests  "per  formed  !at^0n>  C°ld  PUtCi  Wlth  flrmod  in  all  the 
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Figure  169.  Experimentally  Determined  Convection  Heat-Transfer 
Coefficients  vs  Reynolds  numbers  {Comparison  Between 
Cold  Plate  Nos.  1  thru  5) 
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Figure  171.  Case  Temperature  of  Transistor  #3  vs  Cooling  Air  Flow  Rate 


4. 


Sample  Calculations  of  Air-Cooled  Cold  Plates 


•  nflified  manual  calculations  for  predictinq  tcmDorature  nf  t-h. 

3'“ ’•«'»  “‘11  bo  performed  on  co’.^", 

,f  ?  ,“rf‘,c«»-  Such  calculation,  will  bo  alwaya  required  du - 

s-iiKbSs:—  «*»  ~ 

(1)  Cold  Plates  Without  Finned  Surfaces 
l.tic^  ti!'!,1'0;  1  th*  bc,t  th'n“1  performance  char.ct.r- 


100  watt.  nloT^/iY  TPle  calculatl°"  «>«  a  waste  heat  load  of 
ina  Til  l/  ^r)  raU,t  b*  di”1Pat«d  bV  cold  plate,  i^e  cool- 

:.Tc  'y  ^ r.  *  ,p*cif^d  in  *b/ht-  -  *  =•“*“>  ssi 

heat  trLi^er  bur  c  ’  “°Iin«-*lr  f‘°“  velocltle.  enhance 

*"  i:rs^i  .  7.?:;'  .' noi*'  ?n?  >«— »  *«■  p—i—. 

•elected  In  thl.  example.  *  inUt  ‘""P'rature  of  75»F  wa, 

deter«lned"an*foll^wl!?*  ^  "'’SS  n°“  and  ""h  temperature  may  be 


V  -  AU  •  0.01085  (54000)  -  586  ft’/hr 


Mass 

80#F 


fl°”  rat.  of  the  cooling-air  based  on  a  mean  temperature  of 


w  «  Vp  -  586  (0.0734)  -  43  lb/hr 


A  mass  flow  rate  of  w  -  45  lb/hr  was  selected 
was  used  in  some  of  the  tests. 


because  such 


a 


flow  rate 


The  cooling-air  outlet 
expressions 


temperature  can  be  determined  from  the  following 


307 


i 


wc 


out 


in 


and 


out 


t , 
in 


4  -2-  . 


wc 


75  + 


340 


45(0.24) 


t  _  -  106. 5°F 
out 


The  mean  air  temperature  is 


'fl 


75  +  106.5 
2 


90. 75°F 


and 


tfl  "  91-F 


The  recalculated  volumo  flow  rate  of  the  air  is 


V  “  5  “  0^72  *  625  ftVhr 


The  flow  velocity  is 


..  v  625 

U  -  T  ■ 


A  0.01085 


57,600  ft/hr 


or 
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U  -  57000/3600  -  16  ft/sec 


This  flow  velocity  will  not  cause  any  acoustical  noise  problems. 


The  Reynolds  number  i* 


0.04  (57600)  (0.072) 

*  "  1  '*  '  11  1  • 


0.0455 


The  cool ing-air  flow  regime  can  bo  considered  as  turbulent. 

™  T°.dot®rmine  the  temperature  of  the  equipment  mounting  surface,  the 
convection  heat-transfer  coefficient  must  be  known.  Ha.ed  on  conclu¬ 
sions  obtained  from  the  experimental  work,  this  is  not  an  easy  task 
n/X'  th‘h**t*trin,f<r  coefficient  is  not  constant  along  the  periphery 
COld  P1®**'  a"d  *econd,  the  standard  textbook  equations  do  not 

UC  valuos-  To  Bhow  effect*  of  convection  heat-transfer 
coefficients  upon  predicted  cold-plate  temperature,  the  sample  calcula- 
tions  are  performed  by  using  first  a  predicted,  then,  an  actual  heat- 
ransfer  coefficient.  Since  tho  Reynolds  number  indicates  turbulent 
flow,  the  heat-transfer  coefficient  is  determined  from  the  equation 
recommended  by  McAcaras. 


Nu  -  0.023  (Re)0-*  (Pr)#--  -  0.023  (3645)°-*  (0.7)°- 


Mu  ■  14 


0.0155 


■5.4  Btu/hr  ft1  »| 


This  value  will  bo  used  for  both  the  equipment  mounting  and  cover  sur¬ 
faces  of  the  cold  plate.  As  the  cold  plate  consists  of  surfaces  having 
different  material  thicknesses,  these  surfaces  will  also  have  different 
effectiveness  factors.  The  total  heat  transfer  from  the  cold  plate, 
therefore,  must  be  divided  into  two  parts:  (1)  heat  transferred  from 
the  base  or  equipment  mounting  surface  and  (2)  heat  transferred  from  the 
cover  plate. 


Cb  *  °c 


Two  general  approaches  can  be  used  in  predicting  heat  transfer  from  the 
base  or  equipment  mounting  plate:  (1)  it  can  be  assumed  that  •  1 
and  the  mean  temperature  of  the  mounting  plate  can  be  used  in  the  heat- 
transfer  calculations. 


cb  -  Vb  ( rb  -  fcf  1 ) 

where  t^  -  the  mean  temperature  of  the  mounting  plate,  °F 

tfl  -  the  mean  temperature  of  the  cooling  air,  °F. 


(2)  When  Ob  f  1*  then 


%  Abhb  (Sjfmax)  *  tfl) 

where  tb(max)  "  the  mcan  maximujn  temperature  of  the  mounting  plate,  °F. 


The  heat  transferred  from  the  cover  plate,  applying  the  definition  of 
fin  effectiveness,  is 


Q  •  n  A  h  (  t.  -  t , ,  \ 
*c  cccvb  f  1  / 


Assumption  is  made  here  that  the  edge  of  the  ccver  plate  has  a  tem¬ 
perature  equal  to  t^.  A  small  error  will  be  introduced  by  this  assump¬ 
tion  which  can  be  neglected.  It  should  be  further  pointed  out  that  the 
predicted  temperature  of  the  equipment  mounting  plate  will  be  higher  and 
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,  !  hl?OVer  plate  Ipver  Whon  an  wora9c  heat-transfer  coefficient 

condition  has  been  discussed  under  tost  conditions.  The 
sasple  calculations,  therefore,  are  based  on  the  assumption  that  %  -  1. 

th.  ■  h°’  ”  c*n  "pr<’"  th° hc,t  d,*,ip''“d  "°* 


A.  h 
b  o 


( S>  •  lfi) 


n  A  h 
c  c  o 


(lb  ‘  *fl) 


or 


°-ho  K  ♦  V.)  (s-  en) 


Introducing  the  weighted  overall  surface  effectiveness  yields 


no  A 


Ab  ♦  M 


c 


A 

c 


and 


Ab 

A 


t 


where 


*  •  \  *  V  *b  ■  *  -  *. 
Substituting  and  rearranging  yields 

no  ■  1  -  f  (‘  -  \) 
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From  previous  development* 


m  t  <mh  (mL) 
c  mb 


where 


m 


/rr  m  I  r.A 

*V  kA  -^90(0. 0026) 


4.3 


L  *  0.25  ♦  3.125  ■  3.375  in.  -  0.281  ft 


ml.  -  4.8  (0.281)  -  1.35 


n 


c 


tanh  (1.35)  0.874 

“  1.35  1.35 


0.647 


H  *  0.647 
c 


H  -  1  -  —Ifi  (1  -  0.647)  -  0.82 
O  0. 542 


Substituting  values,  we  can  determine  that 


91 


_  340 _ _ 

(0.82)  (0.542)  (5.4)' 


91  ♦  142 


2  3  3  *  F 


When  this  value  is  compared  with  the  actual  test  results  where  t^  was 
aporoximately  170°F,  it  is  obvious  that  the  computed  heat-transfer  co 
efficient  is  too  low. 


Next,  temperature  prediction  of  the  cold  plate  is  based  on  a  heat- 
transfer  coefficient  obtained  from  experimental  data  shown  ir.  Figure  95. 
Ira  Reynolds  number  of  Re  »  3645  and  manifold  configuration  #1,  the 
Husselt  number  of  Nu  -  24.5  was  obtained  from  the  figure. 


24.5 


0.0155 

0.04 


h  ■  9.5  Rtu/hr  ft'  *F 


_  340 _ 

(0.755) (0.541) (9.5) 


1  78°F 


This  temperature  is  much  closer  to  the  actual  test  data  of  170°F.  By 
using  a  mean  heat-transfer  coefficient,  the  predicted  mounting  plate 
temperature  is  always  higher,  and  in  this  case  it  is  the  maximum  tem¬ 
perature  of  the  cold  plate  as  measured  at  the  location  of  transistor  03. 
If  the  concentrated  heat  loads  are  not  significantly  high,  the  outlined 
thermal  performance  prediction  technique  can  be  considered  suffi¬ 
cient.  For  heat  loads  causing  large  temperature  gradients  within  the 
mounting  plate,  effectiveness  of  the  base  plate  must  also  be  included 
into  the  weighted  overall  surface  effectiveness  as  follows: 


n 


o 


A 


n 


b 


A 


L 


+ 


n 

c 


A 

c 


and 


n 

o 


A,  A 

b  c  . 

n,  —  +  n  —  a, 

b  A  c  A  b 


Using  the  overall  effectiveness  of  the  cold  plate,  we  can  obtain 
t-he  mean  maximum  temperature  of  the  mounting  plate  from  the  following 
expression : 


Q 


n  a  h 
o  o 


(max) 


and 


Determination  of  the  mounting  plates  effectiveness  depends  upon  the  dis- 
tribution  and  magnitude  of  the  heat  loading,  among  other  factors.  Under 
conditions  of  symmetrical  component  mounting  with  an  equal  heat  dis¬ 
sipation  rate  from  the  components,  the  mounting  surface  can  be  divided 
into  approximately  equal  sections  and  the  fin  effectiveness  of  these 
sections  determined. 


(2)  Cold  Plates  with  Finned  Surfaces 

Since  the  fabrication  of  Cold  Plate  No.  5  was  performed  in  ac¬ 
cordance  with  the  general  practice  used  in  the  fabrication  of  neat 
exchangers,  this  cold  plate  was  selected  for  the  sample  calculations, 
or  comparison  purposes,  the  same  test  conditions  were  selected  as  in 
the  previous  sample  calculations  a  waste  heat  load  of  100  watts  (340 
Btu/hr)  with  a  cooling-air  flow  rate  of  w  -  45  lb/hr.  A  cooling-air 
inlet  temperature  of  70  F  was  selected  because  this  temperature  is  close 
to  the  actual  air  temperature  at  Test  Condition  #1. 
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Th«  cooling-air  outlet  temperature  is 


t  ■  t  ♦  -S —  »  7q  ♦  J*° 

out  in  w  45  (0.^4) 


101. ST 


and  the  scan  air  temperature  is 


t 


fl 


70  ♦  101,5 
2 


86  *F 


Rased  on  this  temperature,  the  air  volume  flow  rate,  velocity,  and  Rey¬ 
nolds  number  can  be  commuted  as  follows: 


V  - 


w 

P 


45 

0.073 


016.4  ft’/hr 


616.4 

0.0075 


82185  ft/hr 


or 


U  -  82185/3600  -  22.8  ft/sec 


Dh  •  0.0101  ft 

Rl(  .  0-0101  (8718S)  (0.073) 

K<  n"  njt -  “  1346 


The  Reynolds  number  indicates  a  laminar  flow  regime,  and  prediction  of 
the  Nusselt  number  must  be  based  on  this  flow  regime,  Sieder  and  Tate 
have  proposed  the  following  correlation: 


( 


1.86  I  r@  •  pr 


i/i 


Substituting  values,  we  obtain 


Nu  ■  1.86  (114b)  (0.7) 


0.0101  ,/j 

-  4.* 


5 


and 


h 


0.0154 

0.0101 


7 . b  Btu/hr  ft^  *F 


Tlie  actual  Nusselt  number,  as  determined  from  the  experimental  data  with 
manifold  configuration  11,  was 


Nu  •  5.8 


and 


h 


5.8 


0.0154 

0.0101 


8.8  Btu/hr  ft*  *F 


Prediction  of  the  cold  plate  temperature,  therefore,  is  based  on  the 
convection  heat  transfer  coefficient  of  8.8  Btu/hr  ft**F. 

From  the  test  results  obtained,  it  can  be  seen  that  no  significant 
temperature  gradients  occurred  within  the  equipment  mounting  surface  at 
the  particular  heat  load.  The  mean  temperature  of  the  mounting  surface, 
therefore,  will  provide  sufficiently  accurate  data  for  predicting  com¬ 
ponent  temperatures. 

For  a  given  heat  load,  mean  temperature  of  the  cooling-air  stream, 
heat- transfer  surface  area,  and  known  convection  heat-transfer  coeffi- 
'  lent,  the  average  temperature  of  the  equipment  mounting  surface  can  be 
determined  from  the  following  single  expression: 
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*4 


5  ■ Ah  ( Vi '  l(i ) 


*nd 


fl 


♦  £_ 
Ah 


The  total  heat  transfer  surface 
Substituting  values  yields 


area  was  determined  to  be 


A 


1.55  ft*. 


86  ♦ 


J40 

1.55  (8.8) 


•  86  ♦  25 


11 1  *F 


t 


of  the  cold  plate,  «  determined  from  Test  Con- 
iti  n  SI  temperature  measurements,  was  108*F.  The  results  are  in  ex- 

the  TilrlYntTth  *h?wingfthl,t  for  *V««trical  and  moderate  heat  loads, 
fi  ,  r?lif  d  h*  1  performance  prediction  technique  can  provide  suf- 
ficlrntly  accurate  data.  However,  with  highly  concentrated  heat  loads 
and  unsymmetricai  heat  loads,  an  overall  fin-effectiveness  factor  must 
**  outlin*d  in  th®  Previous  example  and  also  in  Sec- 


P 


n  A  h 

o  o 


"pi (max) 


) 


and 


t 


pi (max) 


_ 2 _ 

h  A  h 
o  o 


For  more  complex  geometries  of  the 
unsymmetrical  heat  loads,  cosgjuter 
accurate  results  are  required. 


cold  plates  and  highly-concentrated, 
analysis  must  be  employed  when  more 


i 


The  prolonged  sample  calculation*  can  bo  used  when  the  cold  plate 
configuration  and  the  equipment  arrangement  are  known.  Under  condition* 
wikcn  only  the  heat  load,  cooling-air  flow  rate,  and/or  velocity,  and 
inlet  temperature  are  given,  t)ie  cold  plate  must  be  designed  to  satisfy 
the  electronic-equipment  thermal  requirements.  T»v  se  requirements  may 
include  maximum  allowable  junction  or  case  ►cmj-erature*  and  temperature 
uniformity.  Design  of  the  cold  plate(s)  in  such  a  case  will  be  more  or 
less  a  “cut  and  try"  procedure. 

Space  limitations  and  packaging  density,  usually  encountered  in 
avionic*  equipment  thermal  design,  will  probably  always  require  finned 
heat-transfer  surfaces.  Compact  heat-exchanger  surfaces  (fins  or  cores) 
of  different  configurations  and  SMterials  are  available  from  many  sources. 
Selection  of  these  surfaces  should  be  based  on  both  heat-transfer  and 
pressure-drop  requirements.  Information  pertaining  to  heat-transfer  and 
flow-friction  design  data  for  these  surfaces  may  be  obtained  from  heat- 
exchanger  handbooks  or  the  published  literature  of  manufacturers. 

The  preliminary  thermal  analysis  must  be  started  from  the  maximum 
allowable  temperature  of  the  s*ost  temperature-sensitive  electronic 
equipimr.t  and  its  electrical  power  dissipation  rate.  Wien  the  maximum 
allowable  junction  temperature  of  the  component (s)  and  it*  power  dis¬ 
sipation  rat*  are  known,  the  case  temperature  of  the  component  can  be 
computed  from  procedures  previously  outlined.  The  interface  resistance 
between  the  component  mounting  surface  and  the  cold  plate  depends  on  the 
mounting  arrangement  (with  or  without  insulating  washers)  and  can  be 
found  In  published  literature,  or  must  be  determined  from  experiments. 

Ho  accurate  analytical  techniques  for  predicting  Interface  thermal  re¬ 
sistance  are  available,  particularly  when  insulating  washers  ere  used. 

The  thermal  performance  prediction  procedure  outlined  so  far  pro¬ 
vides  the  maximum  temperature  of  the  cold  plate  at  the  locations  of  the 
concentrated  heat  loads.  If  the  concentrated  heet  loads  are  moderate 
and  symmetrically  arranged,  the  surface  aree  of  the  cold  plate  can  be 
computed  if  the  convection  heat-transfer  coefficient  is  known.  This 
will  be  the  total  heat  transfer  area,  consisting  of  fin  and  mounting 
surface,  or  surfaces,  if  both  sides  of  the  cold  plate  are  used  for 
equipment  mounting.  The  heat  transfer  surface  area  may  be  computed  from 
the  known  simple  expression 


O-hAh  (  t  ,  ,  ,  -  t  \ 

o  o  \  pi (max)  f 1  / 


from  which 


A 


_  P 

o  ho  (  lpl (max)  lf  1  ) 
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everal  possible  variables  might  com*  into  consideration  in  select- 

?L^riPr°P’r  9‘°-try  of  th*  ^-t-transfer  surface.  For  example,  if 
I  mitationp  are  imf>os*d  on  the  equipeent-mounting  surface  area,  longer 

fteL!  ^  **  re<1uiref*  SUCh  fln*'  howeVcr'  wU1  ^ve  •  lover  efficiency 

other  haLi  5T  J*?  !"9  *  1-r9*r  haat-1 ra"*f®r  surface  area.  On  the 

other  hand,  if  limitations  are  imposed  on  the  volufc.  of  the  cold  plate, 

VT*  C°?^tr^At  *XChanq*r  ,urf‘*c*  <«^y  fins  per  inch)  must  bT  se¬ 
lected.  Such  fin  geometry  will  cause  a  larger  pressure  drop  of  the 
cooling  air.  Furthermore,  heat  dissipation  rates  from  components  will 

nl"  r  ^P°nent  »l*<--lng  and  the  selection  of  a  certain  material  thick¬ 
ness  of  the  mounting  surface  to  reduce  te*>eraturo  gradients. 

It  U  impossible  at  this  time  to  establish  standard  design  and 
thermal  performance  prediction  techniques  and  procedures,  unless  the 
electronic  equipment  and/or  systems  are  also  standardized.  Different 
auiremi^t  ««ngements,  heat  loads,  and  general  thermal  re- 

uroi  r!  ^Uir*  dlffercnt  «>»d  Pl«te  configurations  and  design  ap- 

”,,en  no  Particular  restrictions  are  imposed  as  to  weight  ar.i 

1a  a*  *  "u,ttor  to  de,i9n  a  TOid  piat**  bv 

following  the  presented  data  and  analytical  procedures. 

figure  172  *»>ow*  cold-plate  effectiveness  versus  cooling-air  flow 

lu^ntf ‘"f.f1'0*  COOlant  and  anting  plate  temperature  mea- 
urements.  The  following  equations  define  Q  and  effectiveness,  c. 


g  -  wCp 


and 


lout  lin 


where 


out  "  coolant  outlet  temperature,  °F 
^in  “  coolant  inlet  temperature,  *F 
tw  ■  average  temperature  of  mounting  plate,  *F. 


1 >c  general  trend  of  reduced  surface  effectiveness  can  be  explained  by 
the  increased  heat-transfer  coefficients  caused  by  increased  coolant 

th°  “I!  °f  of'ectivene®»  change  is  coa^ared,  a  sig¬ 
nificant  difference  can  be  observed  between  Cold  Plates  No.  5  and  No!  6. 
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out 
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Figure  172.  Cold-Plate  Effectiveness  vs  Cooling  Air  Flow  Rate 


Since  fin  «f fectiveness  it  affected  not  only  by  heat-transfer  coeffici¬ 
ents,  but  alto  by  fir.  length.  Cold  Plate  No.  6  (with  the  longer  fins) 

experienced  a  scro  significant  reduction  in  effectiveness  than  Cold 
Plate  '<o.  5. 


*i)  mantle  Calculations  for  Determining  Heat  Transfer  Coefficients 
from  Experimental  Data 


T*o  sample  calculations,  one  for  a  cold  plate  without  finned  sur¬ 
faces  (Cold  Plate  Ho.  1)  and  the  other  for  a  cold  plate  with  finned  sur¬ 
faces  (Cold  Plate  Ho.  5)  are  perforated. 


(Cold  Plate  No.  1) 


In  accordance  with  the  Newton's  law  of  cooling,  the  average  heat- 
transfer  coefficient,  h,  can  be  computed  by  dividing  the  convective  heat 
flux  by  the  difference  between  the  average  surface  and  coolant  temper- 


C>  -  Ah  (At) 


and 


h 


2/A 

At 


The  calculation  procedure  is  complicated  here  by  the  condition  that  the 
cold  plate  must  be  divided  into  two  sections!  the  mounting  and  cover 
/hC  t0tal  conv*ctivc  Ix'at  transfer,  therefore,  must  also  be 
divided  into  two  partes  heat  transferred  from  the  equipment  mounting 
plate  and  neat  transferred  from  the  cover  plate#  or 


■pi 


0, 


where 


Vpl  pl  pi  *’pl  (  fcpl  (max)  fcfl  ) 


or 
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0  *  A  h  (  t  -  t  ^ 

pl  pl  pl  V  [  1  f  1  ) 

Q  »  n  Ah  ft.  -  t  \ 

c  c  c  c  V  b  f  1  / 


Bocau«e  of  the  many  unknowns  in  the  above  equations,  a  direct  solution 
of  these  equations  is  impossible.  It  is  convenient  in  this  case  to  de¬ 
termine  first  the  heat-transfer  coefficient  of  the  cover  plate  (based  on 
the  temperature  drop)  from  the  following  expression  (Ref  26). 


o  .  e  cosh  J  <L  ~  x> 

x  b  cosh  (mL) 


At  x  -  L,  the  central  section  of  the  plate,  we  find  that 


0 

e 


cosh  (mL) 


where 


0 


b 


0 

e 


t .  ♦  t 

in  out 


fl 


and  L  -  3.125  *  0.25  -  3.375  in.  -  0.281  ft. 
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Under  Teat  Condition  #1,  obtained  fro*  Table  A-4  and  Figure  173, 


72  ♦  133 
*  ■  ■■  ■ 

2 

•  208*F,  t  - 
e 

-  208  -  102.5 

-  159  -  102.5 


102. 5°F 

159*F 

-  105. 5°F 

-  56.5°F 


From  the  known  temperature*,  the  heat-transfer  coefficient  of  the 
cover  plate  can  be  computed  as  follows: 


cosh  (ml,) 


°b  ,  l_05.j, 

6  '  56.5 


1.867 


mL  ■  1.234 


m 


1.234 
0 .281 


4.39j 


_ h  ___ 

90(0.0026) 


4.39 


h  -  19.28(0.234)  -  4.5  Btu/hr  ft  1oF 


Next,  the  fin  effectiveness  of  the  cover  plate  can  be  computed 

n  -  tanh  <">»■)  tanh  (1.235)  0.844 

c  mL  ’  1.235  “  1.235  ‘  °'085 


Heat  transfer  rate  from  the  cover  plate  is  found  with 
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‘c  ”  r,c  AC  hc  (  tb  "  ^fl)  ■  (0*685)  (0.281)  (4.5)  (2.08  -  102.5) 
•  91  Dtu/hr 


Assuming 

-  -  *-■“■  wi.t  emu  Iiiincn l  ,  wi 

heat  dissipated  by  the  cold  plate  as  follows: 


♦  'Tft  l°  th°  envlror««’nt,  we  can  compute  the  total 

,3  A  til  l  Sf  Hus  /*/%!  H  1  n i  .  c  ii 


Q  -  349  -  17  -  323  Btu/hr 


The  heat  dissipated  by  the  cover  plate  is 


0pl  •  323  -  91  -  232  f»tu/hr 


From  the  expression  Q  »  A  h 

Pi  pi  pi 


we  find  that 


Pi 


-£L 


Pi 


Vi  -  _tfi) 


^termination  of  the  cold  plate  average  temperature  is  based  on  two  sets 
of  temperature  readings  as  indicated  below  (see  Figure  82): 


t  -  ^  *  t.(9)  4  t(10>  4  till)  ♦  t  ( 1 2)  4  t  <  141  *  t  ( 10 )  4  t  (19)  4  t  ( 2 1 ) 

pi  9  ^  —  -  — 

.  215  *  216  4  222  4  220  4  220  4  209  4  210  4  212  4  211 

9  ■ — 


1935 

9 


2 1 5#F 
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,  .  MB)  ♦  t(9)  *■  t(10)  «  t(Il>  ♦  t  ( 12 )  4  t  ( 1  3)  »  t  ( 1 4)  *  t  <1 6) 

!'»  ~  1  5 


♦t(10)  ♦  t  ( 1 7)  ♦  t  ( 18)  «  t(19)  »  t  (20)  *  t  ( 2 ) )  ♦  t  (22) 

15 


215  ♦  216  ♦  222  ♦  220  ♦  220  ♦  209  ♦  209  ♦  210  ♦  210  ♦  213 

15 


♦  214  ♦  212  ♦  212  ♦  211  ♦  213  3200 

- - is - - nr  ’ 2n*7  F 


Because  of  the  small  difference  between  the  two  average  temperatures, 
only  the  first  value,  based  on  the  nine  temperature  readings,  is  used 
for  computing  hpj.  If  more  significant  temperature  gradients  occur 
within  the  plate,  then  some  average  temperature  for  each  of  the  nine 
areas  should  be  determined. 

Substituting  values  yields 


_ 232 _ 

<0.26)  (215  -  102.5) 


7.93 


h  ,•  8  Btu/hr  ft  ,#F 
Pi 


From  the  computed  heat-transfer  coefficient  and  the  maximum  average 
temperature,  (max)  *  t>1c  effectiveness  of  the  mounting  plate,  tv.1  , 
can  be  determined . 


n 


l»  Ah 
pi  pi 


ill 


pi (max) 


f>) 


where 
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where 


t 


pi (max) 


MB)  +  t(9)  4  1 110)  4  t<ll)  +  t  ( 12) 


_  215  ♦  21 6  4  222  4  220  4  220  10QT 

-  *  -r —  *  218. 5°F 


and 


n  .  _ 23 2 _ 

pi  (0.2b)  (0)  (218.5  -  102.5)  "  °'96'i 


For  simplified  computations  and  data  presentation,  it  is 
to  introduce  an  overall  heat  transfer  coefficient,  h. 


convenient 


Q 


n  a  i) 

o  o  o 


fl 


) 


and 


h  - - - -2 - - 

°  HA  (t  -  t  \ 
o  o  V  pi  fl) 


The  overall  surface  effectiveness, 
lowing  expression: 


can  be  determined  from  the  fol- 


n  a 

o  o 


n  ,  a  ,  4 
pi  pi 


n  a 
c 


and 


A 

c 

A 

o 


A  , 

n  ,  . 

pi  A 

o 
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where 


A  -  0.26  ft.',  A  -  0.281  ft.1,  A  -  0.541  ft  7 
pi  c  o 


Substituting  values  yields 


n 


o 


0. 062 


0  ~>6 
0.541" 


♦  0.685 


0.281 

0.541 


0.462  +  0. 356  *  0.818 


and 


H  -  0.818 
o 


Therefore, 


h 

o 


_ 323 _ 

(0.818) (0.541) (215  -  102.5) 


*  6.5  Btu/hr  ft' 


Op 


The  Nusselt  number  is  found  by 


Nu  *  h 


k 


6.5 


0.040 

0.0158 


16.4 


Similar  procedures  may  be  applied  for  determining  the  average  heat- 
transfer  coefficients  and  Nusselt  numbers  for  the  other  test  conditions. 

(Cold  Plate  No.  5) 

Since  the  cooling-air  flow  channel  of  this  cold  plate  is  provided 
with  a  compact  heat-exchanger  core,  the  total  heat-transfer  surface  area 
must  be  used  in  the  convection  heat-transfer  equation.  With  the  short 
fins  extending  from  the  equipment  mounting  plate,  an  average  heat- 


mmm 


328 


transfer  coefficient  value  can  be  assumed  for  the  whole  aurface  area, 
fhr  heat-tranufer  coefficient,  therefore,  is  computed  from  the  average 
equipment  hunting  plate  and  cooling-air  temperatures. 


where  A  is  the  total  heat  transfer  surface  area  which  was  determined  to 
be  1.55  ft  . 

Under  Test  Condition  *1  and  manifold  configuration  il, 

-  69  ♦  100 

lfl  ’  - 2 -  *  84>5#r  and  0  •  lil  Htu/hr 

V  ,  .  Mn>  ♦  t(l<)  «  t  ( 1 5)  ♦  t  ( 16)  ♦  t  ( 1 9)  ♦  t  (22)  *  1 (25)  ♦  t  (26)  *  t(27) 

pi  g  *  — - - 

»  *04  *  1°8  ♦  life  ♦  94  ♦  111  ♦  110  ♦  103  *  log  4  115 

9  ~  “ 

971 

•  —  ■  107.88  ■  10B*)* 

Substituting  values  yields 

h  '  r'55  (IObVmTT  "  8>H6  Btu/hr  fl  ?'r 


Introducing  the  overall  surface  effectiveness,  we  obtain 
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Q  ■  ^  Ah  (  t  -  t  \ 

o  V  pi  (*,jx )  1 1  / 


°  Ah  (  t  -  t  \ 

\  pi  tux)  f  1  I 

where 

,  .  *  (l4)  *  HIM  ♦  till)  ♦  t  t;S)  ♦  t  (27) 

I  1  tux)  S 

104  *  Ilf,  ♦  m  ,  io  J  ♦  U 5  54  i 

■  - 5 - -  -  — -  *  ioo.fi  •  uo*r 

Substituting  values  yields 


l.W  (B. 86)  (110  -  B4.5)  '  0,922 


Sample  Problem  -  Air-Cooled  Cold  Plate 


It  is  required  to  design  an  air-cooled  cold  plate  for  cooling  elec¬ 
tronic  assembly  consisting  of  12  lower  transistors  with  tower  dissipa¬ 
tion  of  20  watts  from  each  transistor.  The  maximum  allowable  junction 
temperature  of  the  transistors  is  given  as  tj  •  125*C.  Cooling  air 
inlet  tem{>crature  is  0O*F,  temperature  rise  across  the  cold  plate  is 
limited  to  At  -  20*F,  and  the  maximum  air  velocity  is  limited  to  25 
ft/sec. 

All  of  tlie  transistors  will  be  mounted  on  one  side  of  the  cold 
Plate  using  indium  washers  for  electrical  isolation.  Assuming  package 
outline  as  TOGO  with  junction -to- case  thermal  resistance  Rj-C 

•  watt.  Contact  resistance  between  the  transistor  flange  and  mount¬ 
ing  surface  of  the  cold  plate  is  giver,  in  Table  3  as  Rc.p!  -  0.1b*C/watt. 

As  heat  dissipation  rates  from  the  individual  transistors  are  not 
high,  a  mounting  plate  with  thickness  of  6  -  1/8  inch  is  selected.  It 
is  further  assumed  that  width  of  the  cold  plate  is  not  limited,  and  a 
plate-fin  surface  10-27T  heat  exchanger  core  is  selected.  Reference  27 
presents  the  following  data  for  the  above  surface  qeometryi 
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Fin  pitch  -  10.27  per  inch 

Plate  spacing,  b  -  0.544  inch 

Hydraulic  dial*  tor,  Dj,  -  0.01259  ft 

Fin  Retal  thicknea*,  ff  -  0.010  in.  a  1  animal 

Total  heat  transfer  arca/volune  between  plates,  B  ■  289.93  ft*/ft* 
Fin  area/total  area  -  0.803 


Figure  174.  Section  of  Sample  Cold  Plite 


The  equipment  mounting  surface  area  of  the  cold  plate  must  be  com¬ 
puted  to  satisfy  thermal  requi rements  of  the  transistors. 

Based  on  heat  rejection  rate  and  temperature  rise  of  the  cooling 
air.  the  weight  flow  rate  of  the  air  may  be  determined  from  the  following 
equal  ion 

Q  m  wCp  (At) 

Q  -  20(12)  (3.41)  •  818  Btu/hr 
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Neglecting  natural  convection  and  radiation  to  the  surrounding  envlron- 
ewnt,  all  of  this  heat  must  be  absorbed  by  the  cooling  air,  and 


’  »  Q  RIh 

W  “  Cp(At)  “  .24(20) 


170  lb/hr 


Outlet  teM|>erature  of  the  air 


t 


out 


t  ♦  20  -  HO  ♦  20  -  100aF 


Mean  teieperature  of  the  air 


80  ♦  100  - 
tfl  “  - — -  -  90*  F 


Properties  of  air  at  this  temperature 
P  -  0.072  lb/ft * 

<  ■  0.0155  Btu/hr.  ft  *F 
y  -  0.0455  lb/ft.  hr. 

Pr  -  0.70 

Volume  flow  rate  of  cooling  air 


V  "  7  "  ^  "  2361  ftVhr 


For  the  given  air  flow  velocity,  the  required  free  flow  area  will  be 


A  '  l  ■  htIgSo,  ’  °-0J6”  ft’  •  J-7a 


Width  of  tho  cold  plate  can  be  determined  from  the  following  expression! 


A  >  b ( , 544 )  -  B(10.27) (.544) (.010)  -  B(.488) 

ft  m  ^  78  .  . 

.  488  .* 488  “  7l  75  in 


The  Reynolds  number 


fe  .  3l!L  .  ,01259(25)  QfeOQ)  (.072) 

U  .0455  "  1795 


Frosi  Reference  27 


(h/GCp)  (Pr)  */*  .  0.00495 
G  "  J  “  7o2623  *  6481  lb/hr*  ft* 


h/GCP  '  "  °’ 00565 


h  -  .00585(6481) (.24)  »  8.8  Utu/hr.  ft*  *F 


As  geometry  of  the  heat  exchanger  surface  and  the  heat 
clent  are  known,  the  overall  weighted  extended  surface 
computed  from  the  following  expression 


Af  A 

°Xt  "  Aext  °f  *  % 

ext  ext 


n,  -  -^!nJL(nb)X 

t  (mb) f 


V  loo (.000 


100(. 000833) 


transfer  coeffi- 
efficiency  can  be 


14.53 


333 


0. 65B8 


(mb)  f 


14. S3 


tar.  h  (.6SJW  _ 
.6688 

tan  h  <mb)c 

1  7sE>7 


1 


cos  h  (mb) 


V5 


0.764 


7 ( . 0026)  tan  h  (.0471)  sin  h  1.6588) 
000*833* 


n 


c 


0.  764 


tan  h  (.0471) 
.0471 


0.763 


Tbs  area  ratios  can  be  determined  from  the  following  reasoning: 

Assuming  a  section  of  the  cold  plate  having  heat  transfer  surface 
area  of  unity.  In  accordance  with  the  given  data,  fin  area/total  area 
■  0.863,  thus  Kf  •  (1)  (0.863)  •  0.863.  As  the  cover  and  mounting 
plates'  surface  areas  are  equal 


A  •  A  »  V*P, m  0.0605  ft*  of  total  area 
c  pi  2 


Apxt  ■  0.863  ♦  0.0685  ■  0.9315  ft*  of  total  area 


Subst'tuting  the  computed  values 


n 


e  it 


.86  3 
.9315 


(.877) 


.0685 

.9315 


(.763) 


H  •  0.868 

ext 
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Will  ST?  9  Up°n  Bpacing  °f  the  *lectronic  components,  the  cold  plate 

:  c  :  vU:rr  ?r  ”w;ier  rfficicnc*-  determination  of  thf 

fficiency,  therefore,  is  not  possible  before  sire  of  the  cold  plate 

*1.1  equipment  counting  arrangement  is  not  known.  On  the  other  hand 

“>«  p*««  win  upon  th.  vJZiZZJZlL 

cooling  air  stream  and  the  equipment  mounting  plate. 

tcm,^ratu?e9ir?KCO?lin9/ir  tcmttiratur«  and  «ximum  allowable  junction 
l  resenting  the  total  thermal  resistances  and  fit1,  in  graphical  form 


Tbe  Allowing  At ' s  can  already  be  determined 

tj  -  125’C  -  |  (125)  ♦  32  -  257*F 
-  90*  F 

Attot  *  257  -  90  -  167*F 

Atj-C  “  20  <*>  *  ftO*C  -  |  (CO)  -  108*F 

AtC-pl  ■  20(. 18)  -  3.6C  -  |  (3.0)  i  5.5*F 


From  the  above  Atpl  ♦  AtCCnV  -  167  -  (108  ♦  5.5)  -  52.5*F 


Because  of  the  rather  low  concentrated  heat  loads  spacina  amona 

STn^id  JSf  [empcrature  9radients  within  the  mounting  surface  will  bo 

'i;  POrti°n  ?f  ^  52-5°F  tc"F>erature  differential 

can  b.  utilized  for  the  convection  heat  transfer.  Assuming  first  a 


At 


conv 

0.8G8 


,no_  .  ,  . . nonucr •  assuming  first  a 

30  F,  and  introducing  efficiency  of  the  extended  surface  r^xt 
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'■V 


2  818 _ 3  f  7 

A  “  nh(At )  .868(8.8) (30) 

conv 

Volume  of  the  cold  plate  V  ■  A/0 
V  -  3.57/289.93  -  0.0123  ft* 


Length  of  the  cold  plate  L  -  V/A 
where  A  -  .544(7.75)  »  4.216  in2  ■  .0293  ft2 
L  -  .0123/. 0293  -  0.42  ft 
or  L  ■  .42(12)  ■  5.04  inches 
Assume  L  *  5  inches. 


The  equipment  mounting  surface  area  of  the  cold  plate  can  be  di¬ 
vided  into  12  equal  sections  and  the  transistors  located  on  these  sec¬ 
tions.  Heat,  dissipated  by  the  transistors,  will  spread  within  the 
sections  which  may  be  considered  as  radial  fins.  In  accordance  with 
size  of  the  cold  plate  and  equipment  arrangement,  the  approximate  values 

of  the  two  radii  were  determined  to  be  r  ■  0.25  in.  and  r  ■  1.0  in. 

o  e 

From  procedures  outlined  in  Section  Vila,  the  extended  surface  area 
per  unit  area  of  the  mounting  plate  are  determined  to  be: 


Aext  "  U>  (1)  <-544)(y-2)<289.93)  -  1  -  12.14  ft2/ft2 


and  the  effective  area 


A 


l 

ext 


Acxt  next  *  12 . 14 ( . 924 )  -  11.2  ft2/ft2 


'8.8(11.2) 

1001.0104) 


9.735 


I 
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mr  ■ 
e 


9.715  -  0.8112 


0  -  r  /r  -  0.25 

o  e 


Prom  Figure  27  the  temperature  excess  ratio 


0 

e 

L 

o 


0.75  - 


t  -  t 

e  « 

t  -  t 

O  uo 


where  trc  is  the  coolant  temperature#  °F 

t  is  tnc  temperature  at  radius  r  •  .25  in. 
u  o 

te  is  the  temperature  at  radius  rc  «  1.0  in. 

From  the  known  parameter  mb  efficiency  of  the  equipment  mounting  plate 
can  be  obtained  from  Figure  26. 

b  -  1.0  -  .25  -  .75  in  -  .0625  ft 

and  mb  «  9. 735 (.0625)  «  .608 

H  -  0.80 

Based  upon  this  efficiency  the  maximum  At  between  the  equipment  mounting 
plate  and  the  cooling  air  can  be  computed 


At  ■  t  -  t  ■ 

o  °° 

t  -32.5+90 
o 


Q  8JJ3 

HAh  .8(3.57) (8.8) 

-  122. 5°F 


32 . 5°F 
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Based  on  the  computed  values  of  At^^  -  3o°F  and  Atnl  -  8.5°F,  the 
actual  junction  temperature  of  the  transistors  will  be 


t.  ■  t  ♦  At  ♦  At  +  At  +  At 
j  fl  conv  pi  c-pl  j-c 


Substituting  values 


t^  -  90  +  30  +  8. 5  +  5.5  ♦  109  «  242°F 


T^co  *???!! «*tUr*  18  below  the  allowable  maximum  junction  ten*>crature  of 
125  C  (257  F). 

c.  Cold  Plates  Provided  with  Heat  Pipes 

The  electronic-equipment  thermal  requirements  of  uni  form- temper¬ 
ature  equipment  mounting  surfaces  can  be  most  easily  satisfied  by  in¬ 
corporating  heat  pipes  into  the  equipment  mounting  chassis  or  cold 
platcbi.  Cold  plates  provided  with  heat  pipes  were  fabricated  and  tested 
to  demonstrate  the  feasibility  and  performance  characteristics  of  this 
technique. 

The  cold  plates  presented  in  this  section  can  be  divided  into  three 
general  categories:  (1)  cold  plates  provided  with  conventional  heat 
pipes,  (2)  cold  plates  provided  with  conventional  heat  pipes  and  phase 
change  materials,  and  (3)  cold  plates  provided  with  variable  conductance 
heat  pipes.  The  data  presented  in  this  report  were  obtained  from  Refer¬ 
ences  5  and  40. 


I 


1-  Cold  Plates  Provided  with  Conventional  Heat,  Pipes 
(1)  Hrat-Pip«  Cold  Plate  No.  1 


Figure  175  shows  Cold  Plate  No.  1  which  was  made  of  aluminum  and 
'ont.aine J  a  continuous  0.5-inch  heat  pipe  bent  in  a  U-shapo,  thus  form- 
ing  tw°  evaporator  sections  and  one  condenser  section.  CopjMjr  tubing 
(1/ 4-inch  outside  diameter),  through  which  coolant  was  circulated,  was 
attached  to  the  condenser  section  of  the  heat  pip*.  A  tape-type  olec- 
tri<  heater,  attached  to  the  plate  as  shown,  was  used  to  simulate  the 
equipment  dissipated  heat  load.  The  heat  pipe  was  designed  for  a  heat 
load  of  approximately  100  watts  (340  ntu/hr),  and  ammonia  was  used  as 
the  working  fluid.  Temperature  distribution  of  the  plate  was  almost 
completely  uniform.  This  condition  can  be  explained  by  the  uniform  heat 
input  rom  the  tape  heater.  Concentrated  heat  loads  would  ciuso  certain 
temperature  gradients  within  the  plate. 


Figure  170  shows  temperature  changes  of  the  cold  plate  (thermo¬ 
couple  12  readings)  resulting  from  electrical  power  input  changes.  The 
temperature  change  is  linear  to  an  electrical  power  input  rate  of  75 
watts,  there  is  some  deviation  thereafter.  This  phenomena  could  have 
been  caused  by  some  noncondensible  gas  left  in  the  heat  pipe  or  more 
heat  dissipation  to  the  ambient  air  at  the  higher  plate  temperatures. 


»MinSUr*,177.!lK>W.the  platC  With  two  power  transistors 

(., N1016)  and  a  dummy  component  attached  to  it.  The  transistors  were 
fastened  to  the  plate  with  the  manufacturer's  recommended  torque  of 
i-lb.  Temperature  measurements  were  made  with  copper-constantan 
thermocouples  inserted  into  small  holes  drilled  into  the  plate  and  the 
component  mounting  flanges  and/or  studs. 


Figure  178  shows  comparison  of  temperature  distribution  of  the  cold 
plate  under  conditions  when  the  plate  was  cooled  by  a  circulating  liquid 
-oolant  and  natural  convection  to  the  ambient  air.  Electrical  power 
input  rates  to  both  transistors  were  the  same  under  both  conditions.  As 
expected,  there  was  a  significant  temperature  difference  of  the  tran¬ 
sistor  mounting  base  between  the  two  test  conditions,  thus  showing  the 
effectiveness  of  liquid  cooling. 

v,  rA*  Should  **  noted  the  temperature  of  the  heat  pipe  increased 

y  00  F  without  the  coolant  flow  and  was  uniform  throughout  the  plate, 
except  around  the  transistor  mounting  base.  The  temperature  increase  of 
the  components  would  be  much  larger  for  an  ordinary  liquid-cooled  cold 
plate  without  the  coolant  flow.  The  heat-pipe  cold  plate  can  provide  a 
significant  advantage  as  a  heat  sink  under  emergency  conditions  by 
increasing  the  fin  effectiveness,  thus  the  heat  dissipation  rate. 

(2)  Heat-Pipe  Cold  Plate  No.  2 

Figure  179  shows  Cold  Plate  No.  2  provi.,c»d  with  rectangular  heat 
pipe  passages.  The  cold  plate  was  made  of  1/8-inch  thick  aluminum 
sheets  welded  in  a  configuration  to  adapt  electronic  equipment  heat  flux 
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ELECTRIC  HEATER 


THERMOCOUPLE  LOCATIONS 


Figure  178,  Temperature  Distribution  of  Heat-Pipe  Cold  Plate  to.  l 
under  Coolant  Flow  and  No-Flow  Condition* 
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simulators.  Only  one  end  of  the  plate  i>  shown,  the  other  end  is  ai.i- 
Ur.  The  heat-pipe  passages  were  lined  with  two  layers  cf  100-aesh  cop¬ 
per  screen  and  charged  with  Preon  11.  The  electronic-equiraent  heat 
load  was  simulated  by  two  -dunety"  components  and  a  blanket-type  electric 
b**1*!;*  A  total  h®at  load  of  230  watts  (40  watts  froa  each  component 
and  150  watts  froa  the  electric  heater)  could  be  generated  by  the  heat 


Figure  180  shows  Section  A-A  (evaporator  section)  and  Figure  181 
shows  Section  B-B  (condenser  section)  of  the  cold  plate. 


Figure  180.  Section  A-A  of  Cold  Plate 


^COOLANT  TUBING 

SCREEN  WICK 


Figure  181.  Section  B-B  of  Cold  Plate 


Figure  182  shows  temperature  distribution  of  the  cold  plate  as 
measured  along  the  external  surface  of  the  central  heat  pipe  at  thermo¬ 
couple  locations  1,  2,  3,  and  4.  The  tests  were  performed  at  threo  dif¬ 
ferent  levels  of  electrical  power  input  to  the  electronic  component 
hea»-Flux  simulators.  A  condition  was  also  investigated  when  the  heat- 
pipe  passages  were  not  charged  with  the  working  fluid.  It  can  be  seen 
that  temperature  gradients  within  the  cold  plate  can  be  significantly 
reduced  by  the  application  of  heat  pipes. 


TEMPERATURE. 


Figure  182.  Temperature  Distribution  of  Heat-Pipe  Cold  Plate  No.  2 
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Figure  183  shows  temperature  distribution  from  the  component 
mounting  base  to  the  circulating  coolant  at  three  different  electrical 
power  input  rates.  The  figure  clearly  shows  that  the  largest  tempera- 
cure  differentials  occurred  within  the  component  mounting  surfaces 
(  -onduction  heat  transfer)  and  at  the  condenser  section  (convection  heat 
transfer).  If  thermal  requirements  dictate  lower  coe^onent  tempcra- 
♦-ure*,  critical  sections  of  the  cold  plate  must  be  properly  increased  or 
spacings  reduced. 

(3)  Heat-Pipe  Cold  Plate  Ho.  3 

Thermal  tests  performed  on  the  conventionally-designed  (fin-tube 
arrangement)  cold  plates  indicated  that  a  significant  temperature  dror 
can  occur  within  the  mounting  surfaces.  This  condition  can  introduce 
restrictions  for  cooling  components  with  high  power  dissipation  rates 
unless  thick  mounting  plates  arc  used.  To  reduce  temperature  gradients 
within  the  component  mounting  plates,  a  new  design  was  devised.  Fiqurc 
184  shows  Cold  Plate  No.  3  which  was  made  ot  two  thin  sheets  forming  a 
3/16- inch-wide  internal  cavity.  A  100-mesh  copper  screen  was  useo  as  a 
wick  and  was  charged  witn  a  working  fluid.  Because  of  ease  of  fabri- 
atiou,  the  cold  plate  was  made  of  copper  instead  of  aluminum,  which 
would  bo  a  more  realistic  material  for  airborne  applications.  The 
electronic  components,  generally  silicon  power  transistors,  were  mounted 
to  inserts  as  shown  in  Figures  185  and  186  of  the  cold  plate.  Heat 
generated  by  the  electronic  components  was  transferred  through  the 
nserts  to  the  working  fluid,  and  from  there  to  the  coolant,  which  was 
circulated  through  1/4- inch-diameter  tubing  attached  to  the  condenser 
section.  The  arrangement  of  the  heat-pipe  cavity  and  component  mounting 
surface  shortened  the  conduction  path  significantly,  thus  reducing  the 
temperature  differential  from  the  insert  to  tne  working  fluid.  Evapor¬ 
ative  heat  transfer  took  place  from  the  insert  and  internal  surface  of 
the  plates. 

Heat  transfer  from  extended  surfaces  has  been  discussed  in  Section 
VII  and  will  not,  therefore,  be  discussed  here.  Only  the  resistance 
notwork  from  the  component  mounting  base  to  the  working  fluid  of  the 
heat  pipe  is  shown.  See  Figure  187. 


Figure  187.  Resistance  Network  of  Evaporator  Section 
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THERMOCOUPLE  LOCATIONS 


Figure  183.  Temperature  Distribution  from  Component  Mounting  Base 
to  Coolant  for  Cold  Plate  No.  2 
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This  resistance  can  be  expressed  as  follows: 


where  R  •  thermal  resistance  of  mounting  joint 

Ring  *  thermal  resistance  of  insert 
*  j  ■  thermal  resistance  of  plate 
R^„  “  evaporative  resistance 

C  V 


Figures  188  and  189  show  temperature  distribution  from  power  tran¬ 
sistors  2N1016  and  2N2109  to  the  heat-sink  circulating  coolant  at  three 
different  power  dissipation  rates.  The  transistors  were  mounted  di¬ 
rectly  to  the  plate  without  using  any  electrical  isolation.  As  can  be 
seen,  temperature  differentials  caused  by  conduction  heat  transfer 
through  the  plates  were  significantly  reduced.  Thermocouple  #3  was 
located  approximately  1-3/8  inches  from  the  center  of  the  insert. 
Thermocouple  *4  is  shown  located  in  the  cavity  of  the  cold  plate.  Ac¬ 
tually,  it  was  located  at  a  section  of  uniform  temperature,  away  from 
heat  sources.  This  temperature  was  assumed  to  be  egual  to  the  vapor 
temperature.  Since  temporaturo  readings  #3  and  #5  were  hard  to  specify, 
the  combined  temperature  differentials  (conduction  and  evaporation  tem¬ 
perature  and  convection  and  conduction  temperature)  are  shown  in  the 
figure.  The  largest  temperature  drop  occurred  at  the  condenser  section 
of  the  cold  plate  and  was  primarily  caused  by  the  convection  heat  trans¬ 
fer  to  the  circulating  coolant.  This  temperature  differential,  however, 
can  be  reduced  by  providing  a  larger  convection  heat-transfer  area. 

An  attempt  was  also  made  to  determine  the  maximum  concentrated 
heat-load  removal  rate.  An  electrical  power  input  of  165  watts  was  ap¬ 
plied  to  the  2N2109  power  transistor  without  any  indication  of  dry-out 
of  the  wick.  Because  of  the  cold-plate  internal  pressure  and  transistor 
temperature  considerations,  no  further  increase  was  made  in  the  elec¬ 
trical  power  input.  At  an  electrical  power  input  of  165  watts,  the 
transistor  case  temperature  reached  a  value  of  180°F.  Based  on  a 
junction-to-case  thermal  resistance  of  Rjc  -  0.35°C/watt  -  0.63°F/watt, 
the  transistor  junction  temperature  was  determined  to  be 


"  *c  ♦  RJCP  -  180  ♦  0.63  (165)  -  284*F  -  140*C 
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f|.  POWER  INPUTS: 

■  60  WATTS  TO  2N1016 
(140  WATTS  TOTAL  TO  PLATE) 

-  50  WATTS  TO  2N1016 
(110  WATTS  TOTAL  TO  PLATE) 


32  WATTS  TO  2N1016 

(62  WATTS  TOTAL  TO  PLATE) 


THERMOCOUPLE  LOCATIONS 


Igure  188.  Temperature  Distribution  from  Transistor  to  Coolant  for 

ni _ j  nl  a  Mn  1 


TEMPERATURE 


Figure  l«9.  Temperature  Distribution  from  Transistor  to  Coolant  for 
Heat-Pipe  Cold  Plate  No.  3 
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This  fcapcraturr  was  below  the  maximum  allowable  junction  temperature  of 
17^  C.  It  must  be  noted,  however,  that  no  insulating  washer  was  used 
between  the  transistor  and  cold  plate. 

2.  Cold  Plates  Provided  with  Heat  Pipes  and  Phase  Change  Materials 

In  a  liquid-cooled  system  where  cold  plates  arc  used  for  cooling  of 
electronic  equipment,  some  means  must  be  provided  to  avoid  a  catastro¬ 
phic  failure  of  equipment  essential  to  "safe  return."  Such  condition 
can  occur  when  a  closed-loop  cooling  system,  because  of  enemy  action  or 
othor  reasons,  develops  a  leak  and  looses  its  coolant.  If  emergency 
cooling  is  not  provided,  overheating  and  failure  of  the  electronic 
equipment  would  follow  within  a  very  short  time.  To  avoid  failure  of 
equipment  essential  to  returning  the  aircraft  safely  to  base,  some  means 
must  be  provided  for  emergency  cooling.  This  can  be  accomplished  by 
incorporating  into  the  cold  plate  materials  of  high  heat  capacity,  such 
as  evaporative  coolants  or  heat-of-fusion  materials. 

(1)  Heat-Pipe  Cold  Plate  No.  1 


„  l?°  *hows  001(1  P1 1  of  copper  and  provided  with 

three  1/2- inch-diameter  heat  pipes.  Space  formed  between  the  two  mount¬ 
ing  surfaces  was  sealed.  It  could  be  filled  with  some  heat-absorbing 
material.  Blanket-type  electrical  heaters,  attached  to  both  sides  of 
the  cold  plate,  simulated  the  electronic-equipment  heat  load.  Heat, 
generated  by  the  electric  heaters,  was  transferred  to  the  heat  pipes, 
and  from  thore  to  the  circulating  coolant.  Both  of  the  plates  took  part 
in  the  heat  transfer  process.  Although  heat-of-fusion  materials  were 
used  with  this  type  of  cold  plate  (see  Ref  41),  only  data  obtained  with 
evaporative  coolants  are  presented. 

To  insure  wetting  of  the  heated  surfaces,  a  loose  fiber  wick  was 
installed  between  the  two  plates,  leaving  space  for  vapor  to  escape. 

Two  filler  tubes  were  used  for  filling  and  venting  the  evaporant.  Ap¬ 
proximately  262  cc  of  liquid  could  be  stored  in  the  space  between  the 
two  plate*. 


Figure  191  shows  temperature  changes  of  the  cold  plate  versus  timo 
after  the  circulating  coolant  was  turned  off.  The  results  are  presented 
.  ^  f*uids’  wat€r  and  freon  113,  and  two  different  heat  loads  for 
each  fluid.  As  can  be  seen  from  the  figure,  water  provided  the  best 
heat  sink  as  far  as  operating  timo  is  concerned.  The  262  cc  of  water 
provided  an  operational  time  of  over  4  hours  at  a  heat  load  of  50  watts 
after  the  coolant  flow  was  turned  off.  The  temperature  of  the  plate 
however,  was  quite  high  because  operation  occurred  at  sea  level.  When 
reon  lit  was  used  as  the  heat  sink,  the  plate  temperature  was  main¬ 
tained  at  quite  a  low  level,  but  the  operational  time,  because  of  the 
low  latent  heat  of  evaporation,  was  short.  The  operation  time  can  be 
increased  by  providing  additional  space  for  the  evaporant. 
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Figure  190.  Heat-Pipe  Cold  Plate  No.  1  with  High  Thermal  Capacity 
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Selection  of  the  liquid  should  be  based  on  the  allowable  temper¬ 
ature  of  th»  mounting  plate.  Water  has  the  greatest  latent  heat  of 
vaporization,  but  it  has  disadvantages  in  its  high  boiling  temj * rature 
and  freezing  point.  The  boiling  temperature,  however,  is  lowered  with 
increasing  altitude,  and  the  freezing  temperature  can  be  lowered  by 
adding  methanol.  When  liquid  distribution  is  not  required,  the  freezing 
problem  is  not  so  severe  if  space  for  expansion  is  provided.  Otnei 
fluids,  Fre*ns  for  example,  can  be  used  if  the  plate  temperature  must  be 
maintained  below  the  boiling  temperature  of  water. 

(2)  Heat-Pipe  Cold  Plate  No.  2 

Figure  192  shows  high-heat-capacity  Cold  Plate  No.  2  taken  from 
Reference  5.  This  cold  plate  was  provided  with  four  3/8-inch  copper 
heat  pip. s  and  a  reservoir  was  installed  around  the  condenser  section 
for  storing  the  evaporative  coolant.  The  reservoir  was  designed  for  30- 
minute  operation  of  the  equipment  at  a  maximum  heat  load  of  120  watts 
and  a  cold  plate  temperature  rise  of  30*F.  It  was  charged  with  0.45 
pounds  of  L«ethanol  (  hfg  •  472  Htu/lb  )  capable  of  absorbing  approxi¬ 
mately  210  Dtu.  The  reservoir  was  provided  with  a  pressure  control 
valve  which  was  set  to  open  at  0.4  psig  (15.1  psia);  this  pressure 
corresponds  to  \  temperature  cf  150#F.  This  temperature  is  13*F  above 
the  normal  maximum  temperature  which  could  occur  in  the  condenser. 

Heat,  generatod  by  the  equipment,  was  transferred  to  the  condenser 
section  where,  under  normal  operation,  it  was  removed  by  the  circulatina 
coolant.  When  the  coolant  flow  was  interrupted,  the  *emperaturn  of  the 
lieat  pipes,  thus  that  of  the  condenser  section,  rose  and  reached  the 
boiling  temperature  of  the  swthanol  which  was  used  as  the  evaporative 
coolant.  The  temperature  of  the  condenser  section  remained  constant  as 
long  as  there  was  liquid  in  the  reservoir. 

One-ohm,  10-watt  wire-wound  resistors  (typo  RER  65)  woro  used  as 
the  heat  load.  The  resistors  were  bonded  to  the  cold  plate  with  a 
filled  epoxy  adhesive  (Ablestick  465-9)  which  has  a  thermal  conductivity 
of  0.4  Rtu/hr  ft  F  were  attached  with  two  No.  2-56  screws  torqued  to 
1.5  ln-lbs.  Resistor  locations  are  shown  in  Figure  192.  A  circuit 
diagram  of  the  resistors  is  shown  in  Figure  193. 

The  inlet  temperature  of  the  coolant  was  110#F.  More  details  about 
the  cold  plate  and  heat-pipe  design  can  be  found  in  Reference  5. 

Tesipcrature  changes  of  the  cold  plate  (thermocouple  12  reading)  and 
resistor  14  (thermocouple  II  reading)  versus  time  are  shown  in  Figure 
194.  It  can  be  seen  from  the  figure  that  the  temperature  of  the  cold 
plate  increased  by  approximately  25*F  during  the  30-minute  time  inter¬ 
val.  The  equipment  operating  time  could  be  extended  if  higher  temper¬ 
atures  can  be  tolerated,  or  the  reservoir  volume  can  be  increased. 


358 


Tiae  After  Coolant  Shut-Off 


(3)  Heat-Pipe  Cold  Plate  No.  3 

Figure  19i>  show*  the  high  heat  capacity  Cold  Plate  No.  3  which  was 
f  *  imilar  design,  an  far  as  the  basic  cold  plate  is  concerned,  to 
Cold  Plate  f»o.  2.  in  this  configuration,  the  reservoir  of  the  phase- 
chango  material  was  directly  attached  to  the  back  side  of  the  aluminum 
cold  plate.  The  heat  storage  system  was  designed  for  15-minute  opera¬ 
tion  at  a  heat  load  of  120  watts  when  the  circulating  coolant  was  turned 
off.  In  order  to  proBote  heat  transfer  into  the  heat-of- fusion  Bate- 
rial,  the  reservoir  was  provided  with  an  aluminuB  honey cobL  matrix 
because  of  its  melting  i>oint  (15*F  above  the  normal  operating  temper- 
ature  of  the  eold  plate)  and  high  heat  of  fusion,  stearic  acid  was 
selected  as  the  hcat-of-fusion  material.  The  amount  of  stearic  acid 
needed  for  15-minute  operation  without  coolant  flow  was  determined  to  be 
1.23  pounds.  The  latent  heat  of  fusion  of  this  material  is  85.6  Btu/lb, 
with  a  density  of  52.8  lbs/ft1. 

One-ohm,  10-watt  wire-wound  resistors  were  used  as  the  heat  load, 
location  of  the  resistors  is  shown  in  figure  195. 

Temperature  changes  of  the  cold  plate  (thermocouple  #2  readings) 
and  resistor  14  (thermocouple  41  readings)  versus  time  are  shown  in 
Figure  1*36. 


3.  Cold  Plates  Provided  with  Variable  Conductance  Heat  Pipes 


If  close  tem|>erature  control  is  required  for  some  special  equipment 
only,  the  use  of  variable-conductance  heat  pipes  will  probably  be  the 
best  method  of  solution.  This  cooling  technique  can  be  used  for  reduc¬ 
ing  temperature  cycling  of  equipment  caused  by  heat-load  variations  or 
heat-sink  temperature  variations.  The  thermal  performance  of  three 
different  cold  plates  provided  with  variable-conductance  heat  pipes  is 
presented. 

(1)  Variable-Conductance  Heat-Pipe  Cold  Plate  No.  1 

Variable-conductance  Cold  Plate  No.  1  is  shown  on  Figure  197,  (fabri¬ 
cated  by  McDonnell  Douglas  Astronautics  Company).  The  cold  plate  was 
made  of  aluminum  and  consisted  of  two  1/0-inch-thick  plates  and  two  1/2- 
inch-diameter  heat  pipes,  each  of  which  was  provided  with  three  3/4- 
inch-diametcr  14-inch  tubes  used  as  noncondensiblc  gas  reservoirs.  A 
devico,  located  between  the  heat  pipe  and  the  reservoir,  prevented 
liquid  ansnonia  from  flowing  into  the  reservoirs.  Heat  was  removed  by 
circulating  coolant  through  the  1/4-inch-diamoter  copper  tubing  attached 
to  the  condenser  section  of  the  heat  pipes.  The  plates  and  heat  pipes 
were  bonded  together  with  aluminum  epoxy.  The  cold  plate  was  designed 
for  a  total  heat  load  of  250  watts. 


The  helium-filled  reservoirs  provided  temperature  control  of  the 
plate  under  conditions  when  the  heat  load  was  changing.  At  low  heat 
load,  the  noncondensible  gas  extended  quite  far  into  the  condenser 


362 


HONEYCOMB 
WITH  STEARIC  ACID 


303 


ALUMINUM  COLD  PLATE >—  COOl ANT  LINE 


a 


jo‘3aniW3dW3i 


Figure  196.  Temperature  Changes  of  Resistor  and  Heat-Pipe  Cold  Plate 
No.  3  vs  Time  After  Coolant  Shut-Off 


Figure  197.  Variable-Conductance  Heat-Pipe  Cold  Plate 


section,  and  resistance  to  heat  flow  was  increased.  When  the  heat  load 
of  the  plate  was  increased,  the  vapor  generation  and  flow  races,  thus 
the  pressure,  were  increased,  pushing  the  noncondensible  gas  back  into 
the  reservoir.  The  displaced  gas  exposed  a  larger  condenser  surface 
arc#  for  condensation,  thus  promoting  heat  transfer  of  the  heat  pipr . 

The  temperature  of  the  plate  was  maintained  constant  and  stable*  because 
of  the  variable  conductance  of  the  condenser. 

The  cold  plate  was  instrumented  with  130-gage  copper-constantan 
thermocouples  attached  to  internal  and  external  surfaces  of  the  plate. 
The  equi|>mcnt  heat  load  was  simulated  by  tap#  heaters  attached  to  both 
sides  of  the  plate.  DC  power  supplies  were  used  to  provide  controllable 
electrical  power  input  to  the  heaters. 

Figures  198  and  199  show  temperature  distribution  of  the  cold  plate 
at  different  electrical  power  input  rates  to  the  heaters  and  at  two 
different  coolant  inlet  temperatures  (55°F  and  72°F).  The  figures  show 
temperature  measurements  taken  near  an  edge  of  the  cold  plate  (alonq  the 
heat  pipe).  As  could  be  expected,  temperature  distribution  along  the 
plate  was  nonuniform  at  the  lower  heat  input  rates  because  the  non¬ 
condensible  gas  occupied  a  large  portion  of  the  condenser.  However, 
when  the  heat  load  was  increased,  the  vapor  flow  rate  and  pressure  were 
also  increased,  exposing  a  larger  surface  area  for  condensation.  As  a 
result,  only  a  small  temperature  increase  of  the  p>late  occurred. 

Somewhat  larger  temperature  changes  and  also  higher  tom|>eraturcs  were 
observed  at  the  central  section  of  the  plate  (between  the  heat  pipes). 
This  condition  was  caused  by  tho  thermal  resistance  of  the  plate. 

Figure  200  shows  temperature  changes  of  the  cold  plate  (obtained 
from  thermocouple  #2  r-adings)  resulting  frosj  heat  load  changes.  Com¬ 
parison  is  made  in  the  figure  between  the  conditions  when  the  coolant 
inlet  temperature  was  55°F  and  72°F.  As  can  bo  seen,  above  a  heat  load 
of  80  watts,  the  temperature  change  was  quite  small  and  linear.  A  heat 
load  change  from  80  watts  to  240  watts  caused  a  plate  temperature  change 
of  only  10°F .  It  is  also  interesting  to  note  that  a  coolant  inlet 
temperature  change  of  17°F  caused  a  plate  temperature  change  of  only 
2°F.  This  indicates  that  such  a  cold  plate  can  significantly  reduce 
thermal  cycling  regardless  of  the  source  inducing  the  cycling. 

(2)  Variable-Conductance  Heat-Pipe  Cold  Plate  No.  2 

Figures  201,  202,  203,  and  204  show  different  sections  and  views  of 
variable-conductance  Cold  Plate  No.  2  taken  from  Reference  5.  Design  of 
the  cold  plate  was  based  on  the  Hughes  version  of  the  deflection  ampli¬ 
fiers  for  tne  AWACS  cathode -ray- tube  display.  The  amplifiers  had  a 
normal  thermal  load  of  approximately  120  watts  in  components  that  were 
attached  to  both  sides  of  the  original  liquid-cooled  cold  plates.  The 
highest  junction  temperatures  were  experienced  by  eight  transistors 
identified  as  Q1 1  through  Q18  in  Figure  204.  These  transistors  dissi¬ 
pated  an  average  of  0  watts  each.  In  some  display  modes,  four  of  these 
transistors  dissipated  16  w&tts  each,  resulting  in  a  nonuniform  load  to 
the  heat  pipes. 


figure  198.  Tenperature  Distribution  of  Variable-Conductance  Heat-Pipe 
Cold  Plate  No.  1  (Coolant  Inlet  Temperature  55®F) 


ELECTRIC  POWER  IWT  TO  HEATERS  250  MATTS 


Figure  199-  Temperature  Distribution  of  Variable-Conductance  r»eat-i  ipe 
Cold  Plate  No.  1  (Coolant  Inlet  Temperature  72  F) 
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figure  201.  Var lable-Lortdut  tdiic*  Heat-Pipe  Cold  Plato  Ho.  2 


Figure  202.  Inert  Gas  Bellows 


Figure  20i.  Wick  Details 


Ill®  cold  plate  was  designed  to  linit  temperature  change  to  20*F 
with  a  change  in  coolant  temperature  from  35*F  to  12J*P  or  with  a  change 
in  dissipated  power  from  30  watts  to  120  watts.  A  coolant  flow  rate  of 
0.4  gal/minute  of  62/30  ethylene-glycol  and  water  solution  was  used  for 
evolving  the  condenser  section  of  the  cold  plate. 

Figure  203  shows  some  sections  through  th«  evaporator  and  condenser 
of  the  heat  pipes.  The  heat  pl|>e  evaporators  are  provided  with  a  thin 
wi  k  that  is  fed  by  a  larger  artery  wick.  The  condenser  consists  of  a 
wick-lined  tube  with  two  coolant  tubes  located  as  shown.  The  condenser 
wick  is  connected  to  and  feeds  the  evaporator  wicks.  An  ordinary  inert 
gas  reservoir  at  heat-sink  temperature  cannot  provide  an  effective  means 
of  temperature  control,  particularly  at  the  lower  sink  temperatures  when 
partial  pressure  of  the  vapor  be corses  very  low.  This  problem  was  over¬ 
come  by  separating  the  inert  gas  from  the  vapor  by  use  of  a  spring 
bellows  to  provide  the  required  volume  change  with  change  in  heat  pipe 
pressure.  Figure  202  shows  the  arrangesmnt  of  ‘he  bellows.  More  de¬ 
tailed  information  about  the  design  of  this  cold  plate  can  be  obtained 
from  Reference  5. 

The  transistor  mounting  hardware  is  shown  in  Figure  205.  The 
transistors  aro  fastened  to  the  cold  plate  by  two  No.  4-40  bolts  torqued 
to  5  in-lbs.  The  transistors  aro  electrically  insulated  from  the  cold 
plate  by  a  0. 064- inch-thick  beryllium-oxide  washer  with  a  thermal  con¬ 
ductivity  of  140  Btu/hr  f t*F .  Silicone  grease  (VakefielJ  120)  wts  used 
on  all  mating  surfaces. 

Figure  206  shows  temperature  changes  of  the  plate  (thermocouple  *2 
location)  and  transistor  £17  case  versus  coolant  inlet  temperature 
changes.  Electrical  power  dissipation  from  the  transistors  and  the 
coolant  flow  rate  wore  maintained  constant  during  all  the  test  condi¬ 
tions.  The  coolant  temperature  was  varied  from  35*F  to  120*F  in  ap¬ 
proximately  20*F  increments.  Temperature  measurements  were  recorded 
after  equilibrium  conditions  were  reached.  As  can  be  seen,  a  coolant 
temperature  variation  of  85®F  caused  plate  and  translator  temperature 
variations  of  approximately  20*F,  which  are  within  the  predicted  range. 

It  must  be  noted,  howevor,  that  the  overall  tesiperatures  were  higher 
than  predicted. 

Figure  207  shows  case  temperature  of  transistor  £17  versus  dif¬ 
ferent  electrical  power  dissipation  rates  from  the  transistors.  A  con¬ 
stant  coolant  flow  rate  of  0.4  gal/minute  was  maintained  throughout  all 
the  test  conditions  with  a  coolant  inlet  temperature  of  120*F.  The  test 
results  show  that  a  power  dissipation  rate  increase  from  20  watts  to  120 
watts  (A£  -  100  watts)  caused  a  temperature  increase  from  144#F  to  163°F 
(At  •  19°F). 

(3)  Variable-Conductance  Heat-Pipe  Cold  Plate  No.  3 

Figure  208  shows  variable-conductance  Cold  Plate  No.  3  which  was  of 
similar  design  to  Cold  Plate  No.  2,  except  for  the  stud-mounted  high 
power  components.  These  comporents,  two  high  power  transistors  (2N3846) 


Figure  205.  Transistor  rtounting  Detail 
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Figure  206.  Temperature  Changes  of  Variable-Conductance  Heat-Pipe  Cold 
Plate  No.  2  and  Transistor  Q17  vs  Coolant  Inlet  Temperature 


COOLANT  INLET  T20 
COOLANT  OUTLET  T19 


Figure  208.  Thermocouple,  Transistor  end  Diode  Locations  on  Variable** 
Conductance  Heat-Pipe  Cold  Plate  No.  3 


378 


and  four  diodes  (1H3885),  were  selected  to  Investigate  effects  of  con- 
ccntrated  hear  loads.  One  of  the  transistors  was  bolted  directly  to  the 
cold  plate,  while  the  other  was  provided  with  a  0. 031-inch-thlck  beryllia 
wa  her  for  electrical  isolation.  Thermal  compound  (Wakefield  120)  was 
used  on  all  interfaces.  The  power  transistor  5/16-24  studs  were  torqued 
to  16  ln-lbsj  the  diode  10-32  studs  were  torqued  to  30  in-lbs.  The 
diodes  were  mounted  directly  to  the  cold  plate  with  the  thermal  compound 
used  on  all  mounting  joints. 


Thermal  performance  of  the  cold  plate  was  investigated  under  condi¬ 
tions  of  variable  coolant  temperatures  and  variable  electrical  power 
dissipation  rates  from  the  coMfx>nent*i. 


Figure  209  shows  temperature  changes  of  the  cold  plate  (thermo¬ 
couple  12  location)  and  transistor  Ql  case  versus  coolant  Inlet  tempera¬ 
ture  ch-nges  from  35  F  to  120#F.  A  constant  coolant  flow  rate  of  0.4 
gal/mlnute  was  maintained  throughout  the  tests.  Also,  the  electrical 
power  dissipation  rate  of  120  watts  was  maintained  constant,  the  power 
dissipation  rate  from  the  transistor  was  40  watts.  A  coolant  tempera¬ 
ture  increase  from  35°F  to  120*F  (At  -  85#F>  caused  the  plate  and  tran¬ 
sistor  case  temperature  to  increase  26eF,  which  is  6°F  higher  *..an 
results  obtained  from  Cold  Plate  No.  2  tested  at  similar  conditions. 


Figure  210  shows  temperature  changes  of  the  cold  plate  and  tran¬ 
sistor  Ql  case  as  a  function  of  electrical  power  dissipation  rates  from 
thr  components.  There  was  no  power  input  to  transistor  Ql  at  Test 
Condition  1,  20  watts  were  applied  at  Test  Condition  2  and  40  watts  at 
Test  Conditions  3  and  4.  A  constant  coolant  flew  rate  of  0.4  gal/ 
minute  and  an  inlet  temperature  of  120*F  were  maintained  throughout  the 


Figure  211  shows  the  cold-plate  temperature  and  case  temperature  of 
ransistors  Ql  and  Q2  as  a  function  of  different  electrical  power  dis¬ 
sipation  rates  from  the  transistors.  It  must  be  noted  that  only  one  of 
the  transistois  was  energized  at  any  one  time.  While  the  temperature  of 
the  cold  plate  increased  from  142°F  to  169#F  (At  -  27°F) ,  the  case 
temperature  of  transistor  Ql  increased  from  146°F  to  196°F  (At  -  50°F) 
when  f he  transistor  electric  power  dissipation  rate  was  increased  from 
20  watts  to  100  watts. 


Similar  tests  were  also  performed  with  transistor  Q 2  which  was 
mounted  to  the  cold  plate  with  a  0.031-inch  beryllia  washer.  Because 
of  the  high  mounting  joint  thermal  resistance,  the  rate  of  tem>crature 
increase  was  much  higher.  The  test  results  show  that  maintaining  the 
heat-sink  temperature  at  a  constant  level  does  not  provide  a  satisfac- 

andYf  ,I?r  equij*!K?nt  having  high  mounting- joint  thermal  resistance 

and  for  significant  changes  in  power  dissipation  rates. 

4.  Circuit  Card  Heat  Pipe 


A  thin,  flat  circuit-card  heat  pipe  was  developed  under  a  study 

5‘  11,e  clrcult-card  heat  pipe  was  designed  for  a 

total  heat  load  of  24  watts,  consisting  of  twelve  1. 2-inch  x  1.0-lnch 
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Figure  209.  Temperature  Changes  of  Variable-Conductance  Heat-Pipe  Cold 
Plate  No.  3  and  Transistor  vs  Coolant  Inlet  Temperature 


CASE  TEW>EMU*£ 


T£MP£*WTUR£ 


hybrid  circuit  pa  kagea  which  w^re  bonded  to  the  card  bach  of  the 
peckege.  Jis.ipated  2  watt..  Figure  212  show.  thr  outline  of  the 
lr  uit-card  heat  pipe  «de  of  beryllium  copper.  The  wick  la  compos 
of  -  -ingle  layer  of  200  x  1400-meeh  twi  1  icd-dutch-weave  nickel  ,cr,-er 

r  .tainlea.-.te.L  felt-metel  artery  wick.  Methanol 

waa  used  as  the  working  fluid. 

.in/‘^e  lh*  ClrCUit  C*rd  Wtth  thm  h*ttid  cirnit  P-ckagea, 

TeT.fi  1  ^  cl**V*  0f  the  circult  card.  The  circuit  card  wa. 

1*1  V*M  Iiiy  With  hMt  ■ ink ’  *t-  both  *nd*  of  the  card,  coolant 
tub*«  were  atta  hed  to  the  card  alot  fixture. 

T  rrul  teata  of  the  circuit  card  were  performed  at  card  alot 

IZT*!'  '  50  F  "n<1  140  F*  Ar  card  alot  temperature  of  50*F. 

ne  heat  lupii  ari>eared  to  be  practically  non-operative,  ahowing  a  large 
e-pera.ure  differential  along  the  length  of  the  card.  However,  when 
»k  -ard  alot  temperature  via  increaaed  to  M0*r,  tem^rature  of  *h* 
card  waa  almost  uniform.  The  poor  performance  at  the  low  condenser 
’emjeratute  can  be  explained  by  some  non-condenalble  gas  left  in  the 
cavity  °r  by  -onic  flow  problem#  at  the  low  vapor  pressure.  At  low 

,1““‘  ’,th 

,  .  F1i9“r*  215  ,how*  temperature  distribution  of  the  circuit  card  at  a 

mlteW^V  °f  140  r’  *  temperature  difference  of  mpproxi- 

«tely  4  occur,  between  the  central  section  and  edge,  of  the  card. 

tell*  copier  card  of  .ialUr  thlckne,.  could  not  achieve  auch  a 

temperature  uniformity. 


thermocouple  locations 

Figure  215.  Temperature  Distribution  of  Circuit  Card 
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Figure  212.  Circuit-Card  Heat-Pipe 


Figure  213.  Circuit-Card  Heat-Pipe  with  Hybrid  Circuit  Package* 


CARD  SLOT  COLD  PLATE 


TV  te^jerature  irop  across  the  clapping  device  appeared  to  bo  too 
high,  and  some  improvements  are  required  for  the  high-pover  circuit 
cards. 


5.  Thermal  Performance  Characteristics  of  Cold  Plates  Provided 
with  Heat  Pipes 

Decause  of  the  different  configurations  and  equipment  mounting  ar¬ 
rangements,  no  direct  comparison  of  the  thermal  performance  among  the 
cold  platea  is  possiblei  only  some  of  the  thermal  performance  charac¬ 
teristics,  therefore,  are  discussed. 


old  Plates  Hoc.  1  and  2,  which  wars  generally  of  similar  design, 
showed  quite  significant  temperature  gradients  within  the  equipment 
mounting  surfaces  and  at  the  condenser  section.  Besides  the  uniform 
temperature  along  the  heat  pipe  axis,  there  in  no  advantage  in  using 
heat  pipes  instead  of  simple  liquid  flow  passages. 

Cold  Plate  Ho.  3  showed  significant  improvement  in  reducing  tem¬ 
perature  gradients  within  the  equipment  mounting  surface.  The  main 
advantage  of  such  a  cold  plate  is  temperature  uniformity  across  the 
whole  equipment-mounting  surface  area.  Electronic  equipment  eounted  on 
such  a  cold  plate  will  have  almost  uniform  temperatures  regardless  of 
the  power  dissipation  rates.  This  condition  is  becoming  a  requirement 
in  microelectronic  systems.  There  was  a  noticeable  temperature  drop  at 
the  condenser  section  because  of  the  small  convection  heat-transfer 
surface  area.  This  is  a  general  problem  in  applications  of  heat  pipes. 

Creat  advantages  can  be  gained  by  using  heat  pipes  in  cold  plates 
provided  with  hcat-of-f usion  materials  or  evaporative  coolants.  Even 
though  the  heat-abso.bing  materials  are  located  outside  the  cold  plate, 
heat,  generated  by  the  distant  cosponents,  is  transferred  to  the  heat 
sink  with  a  very  sisal  1  temperature  gradient. 

The  use  of  variaole-conductance  heat  pipes  for  temperature  control 
of  special  electronic  equipment  is  presently  finding  wide  application  in 
space  flight.  The  use  of  heat  pipes  in  avionics  equipment  cooling  is 
generally  hampered  oy  the  effects  of  dynamic  *r-3  gravity  forces.  It  is 
anticipated,  however,  that  with  special  precautions  and  design  proce¬ 
dures  these  problems  can  be  solved  and  the  unique  characteristics  of  the 
heat  pipes  will  find  wider  applications  in  avionics  equipment  cooling. 
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APPENDIX  A 
TEST  DATA 


fable  A-l.  Test  Data  of  Liquid-Cooled  Cold  Plate  No.  1 


THERMO¬ 

COUPLE 

NO. 


TEMPERATURE,  °F 


TEST  COHD  II 


TEST  COHD  12 


TEST  COHD  13 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 


70 

72 

115 

122 

79 

75.5 

77 

76 

78 

75.5 

77 
77 

77 

83.5 
87 

78 
76 

76 

80 

77 

78 

76 

75 

77 
74 
81 
80 

76 

78 
80 
80 
78 
78 
78 
78 


70 

74 

165 

172 

90 

80 

86 

81.5 

87 

81.5 

87.5 
85 

84 

98.5 
102 

83 

80 

82 

33 

88 
83 
88 
82 
83 
79 
88 
90 
B0 
92 
90 

90 
89 
88 
88 

91 


71 

78 

210 

220 

93.5 
88 
92 

87 
97 

88 

95 
90 
90 

114 

117 

90 

85 

88.5 

85 

96 

86 
94 
86 
89 
85 

101 

96 

85 

103 

96 
98 

97 
96 
96 

98 
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Table  A-l.  Test  Data  of  Liquid-Cooled  Cold  Plate  No,  1  (Cont) 


THERMO 

COUPLE 

NO. 

TEMPERATURE,  °F 

TEST  COMD  14 

TEST  COND  *5 

TEST  COND  16 

1 

72 

72 

72 

2 

76 

78 

80 

3 

90 

94 

100 

4 

87 

91 

98 

5 

123 

150 

180 

6 

125 

155 

181 

7 

130 

159 

187 

8 

132 

161 

190 

9 

20B 

216 

225 

10 

87 

94 

100 

11 

87 

94 

99.5 

12 

83 

88.5 

94 

13 

84 

90.5 

96.5 

14 

90.5 

96 

102 

15 

86.5 

90 

96 

16 

93.5 

101 

110 

17 

92 

102 

110 

18 

93 

99 

107 

19 

94 

101 

110.5 

20 

120 

126 

130 

21 

90 

94 

98 

22 

91 

95 

101 

23 

83 

90 

95 

24 

82 

92 

97 

25 

87 

91 

97 

26 

89 

94 

100 

27 

90 

95 

102 

28 

86 

92 

100 

29 

88 

91,5 

97 

30 

84 

91 

96 

U 

82 

90 

94 

32 

85 

90 

95 

33 

88 

92 

99 

34 

93 

97 

103 

35 

101 

106 

112 

Tabic  A-l .  Test  Data  of  Liquid-Cooled  Cold  riate  Ho 


1  (Cont) 


THERMO¬ 

COUPLE 

HO. 


TEST  COMD  17 


72 

61 

138 

143 

141 

145 

140 

148 

230 

132 

132.5 
114 
116 
110 
110 
106 

108.5 

106.5 
106 
14  3 
120 

124.5 
102 

105 
97 

107 

106 
97 

105 

106 
101 
103 

108 
109 
122 


TEMPERATURE,  °F 


TEST  COKD  18 


TEST  COMD  19 


74 

88 

200 

199 

200 
318 
210 
215 
248 
150 

152.5 
131 

138 
136 
134 
133 
129 

127.5 
133 
160 

139 
143 
120 
123 
115 
129 
127 
117 
126 
125 
119 
121 
127 
17.9 

140 


Tabic*  A-l,  Test  Data  of  Liquid-Cooled  Cold  Plate  No.  1  (Cont) 


Table  A-2.  Teat  Data  of  Liquid-Cooled  Cold  Plate  l«o.  2 


Table  h-2.  Test  Data  of  Liquid-Cooled  Cold  Plate  Ho.  2  (Cont) 


THERMO¬ 

COUPLE 

TEMPERATURE,  #F 

NO, 

TFST  COKD  14 

TEST  COKD  *5 

TEST  COND  K6 

1 

69 

70 

70 

2 

73 

73 

77 

3 

78 

82 

85 

4 

80 

82 

87.5 

5 

131 

164 

189 

b 

142 

171 

202 

7 

133 

161 

185 

8 

121 

155 

182 

9 

78 

82 

85 

10 

81 

86 

91 

11 

88 

93 

99 

12 

90 

95 

98 

13 

79 

83 

87 

14 

7? 

82 

86 

15 

92 

101.5 

109 

10 

38 

95.5 

103 

17 

91 

100 

108 

18 

90 

103 

113 

19 

78 

82 

84 

20 

81 

85 

90 

21 

83 

88 

93 

22 

80 

85 

89 

23 

91 

85 

89 

24 

83 

88 

94 

25 

76 

80 

82 

20 

76 

80 

83 

27 

82 

90 

94 

28 

86 

94 

101 

29 

78 

82 

86 

30 

80 

87 

91 

31 

84 

94 

100 

32 

80 

82 

80 

33 

82 

90 

96 

34 

78 

80 

86 

35 

78 

82 

87 

36 

78 

82 

87 

ONLY  TRANSISTORS  #3,  4,  5  4  6  ENERGIZED 


6 


I 


Table  A-2.  Te»t  Data  of  Liquid-Cooled  Cold  Plate  Ho.  2  (Cent) 


J 


Table  A-2.  Teat  Data  of  Liquid-Cooled  Cold  Plate  No.  2  (Cont) 


nit  MO- 

OOUP  LK 

TEMPERATURE,  *F 

NO. 

TEST  CONt)  » 10 

TEST  CONT)  111 

TEST  COM)  «1? 

1 

69 

74 

76 

2 

95 

87 

83 

3 

197 

183 

172 

4 

192 

179 

170 

5 

222 

215 

20? 

0 

244 

237 

227 

7 

226 

209 

200 

8 

214 

200 

189 

<3 

136 

127 

114 

10 

136 

123 

114 

11 

136 

123 

114 

12 

147 

130 

120 

13 

139 

126 

115 

14 

137 

125 

115 

15 

142 

135 

127 

16 

143 

132 

122 

17 

146 

129 

120 

18 

146 

131 

120 

19 

118 

109 

102 

20 

128 

116 

106 

21 

134 

116 

106 

22 

133 

118 

108 

23 

111 

104 

97 

24 

130 

111 

100 

25 

112 

104 

97 

26 

114 

105 

97 

27 

125 

112 

102 

28 

132 

118 

107 

29 

122 

110 

102 

30 

121 

no 

102 

31 

129 

117 

109 

32 

127 

114 

105 

34 

126 

no 

101 

35 

124 

109 

100 

36 

124 

no 

100 

Table  A-6 


Teat  Data  of  Air-Cooled  Cold  Plat*  No.  1 
Manifold  Configuration  #3 


THERMO- 

1 - 

COUPLE 

TEMPERATURE ,  F 

NO. 

TEST  COHD  *1 

TEST  COND  #2 

TEST  COND  *3 

TEST  COND  14 

1 

72 

73 

73 

73 

2 

133 

104 

94 

88 

3 

218 

181 

163 

151 

4 

207 

168 

151 

139 

5 

221 

182 

164 

151 

6 

222 

185 

167 

154 

7 

213 

173 

154 

142 

8 

206 

169 

151 

140 

9 

201 

162 

144 

133 

10 

214 

175 

156 

144 

11 

217 

180 

162 

149 

12 

208 

168 

150 

137 

13 

202 

163 

145 

133 

14 

198 

159 

141 

129 

15 

197 

158 

140 

128 

16 

209 

171 

152 

140 

17 

209 

171 

152 

140 

18 

203 

163 

145 

133 

19 

199 

159 

141 

128 

20 

210 

172 

153 

140 

21 

206 

167 

148 

135 

22 

204 

165 

146 

133 

23 

191 

152 

134 

123 

24 

204 

165 

145 

133 

25 

194 

157 

140 

128 

26 

159 

125 

110 

101 

27 

176 

139 

122 

112 

28 

146 

114 

100 

93 

29 

176 

140 

122 

111 

30 

148 

115 

102 

94 

31 

170 

134 

113 

107 

A-16 


THERMO¬ 

COUPLE 

NO. 


Table  A-6.  Test  Data  of  Air-Cooled  Cold  Plate  No.  1, 
Manifold  Configuration  #3  (Cont) 

TEMPERATURE.  °F 

TEST  CONO  #5 

TEST  COND  »6 

TEST  COND  #7 

71.5 

72 

12 

77 

81 

84 

88.5 

98.5 

106 

86 

95 

103 

110 

i33 

152 

90 

101 

110 

88 

97.5 

105 

88 

98 

106 

86 

95 

102 

104 

123 

138 

90 

101 

110 

89 

97.5 

105 

89 

100 

no 

90 

102 

no 

89 

99 

107 

91 

102 

112 

94 

107.5 

119 

93 

106 

117 

88 

98 

106 

91 

103 

113 

91 

103 

113 

90 

101 

no 

88 

97 

105 

89 

101 

no 

88 

98 

106 

81 

89 

94 

82 

92 

98 

80 

83 

89 

85 

93 

99 

80 

85 

89 

80 

90 

98 

Table  A-#.  Teat  Data  of  Air-Cooled  Cold  Plate  No.  2, 
Manifold  Configuration  #1 


THERMO- 

COUPLE 

TEMPERATURE,  F 

NO. 

TEST  COND  #1 

TEST  COND  12 

TEST  COND  #3 

1 

74 

74 

74 

2 

104 

92 

86 

3 

201 

174 

158 

4 

202 

173 

156 

5 

208 

178 

161 

G 

206 

177 

159 

7 

206 

176 

159 

8 

194 

167 

151 

9 

195 

166 

150 

10 

200 

170 

153 

11 

200 

170 

153 

12 

199 

170 

152 

13 

188 

159 

143 

14 

187 

157 

141 

15 

190 

160 

144 

16 

186 

158 

141 

17 

189 

161 

143 

18 

192 

162 

145 

19 

195 

164 

147 

20 

193 

163 

146 

21 

191 

161 

144 

22 

194 

164 

146 

23 

192 

162 

144 

24 

194 

164 

146 

25 

191 

161 

144 

26 

134 

114 

102 

27 

158 

132 

117 

28 

136 

114 

102 

29 

169 

140 

124 

30 

142 

116 

105 

Table  A-7.  Test  Data  of  Air-Cooled  Cold  Plate  Mo.  2, 
Manifold  Configuration  II  (Cent) 


THERMO¬ 

COUPLE 

TEMPERATURE,  °F 

NO. 

TEST  COHD  14 

TEST  COND  15 

TEST  COND  16 

1 

72 

72 

73 

2 

75 

79 

82 

3 

86 

99 

109 

4 

87 

101 

114 

5 

109 

138 

166 

6 

86 

100 

111 

7 

87 

102 

114 

8 

85 

98 

108 

9 

87 

101 

114 

10 

101 

125 

147 

11 

86 

99 

111 

12 

87 

101 

114 

13 

86 

101 

113 

14 

88 

105 

119 

15 

90 

104 

118 

16 

86 

100 

110 

17 

87 

102 

113 

18 

91 

108 

124 

19 

91 

111 

127 

20 

39 

104 

118 

21 

88 

103 

116 

22 

89 

104 

116 

23 

90 

107 

121 

24 

89 

105 

119 

25 

89 

105 

119 

26 

79 

86 

91 

27 

80 

91 

98 

28 

78 

86 

91 

29 

82 

95 

104 

30 

79 

86 

93 

Tabic  A-8.  Test  Data  of  Air-Cooled  Cold  Plate  Ho.  2, 
Manifold  Configuration  *2 


Tab!*  A-fl.  T«*t  Data  of  Air-Cooltd  Cold  Plate  No.  2. 
Manifold  Configuration  »2  (Cent) 


Table  A-9.  Test  Oats  of  Air-Cooled  Cold  Plate  Ho.  2 
Manifold  Configuration  13 


1 


THERMO¬ 

COUPLE 

m. 

TEMPERATURE,  *P 

TEST  COMO  «1 

TEST  COKD  12 

TEST  COHO  13 

1 

74 

74 

74 

2 

105 

92 

86 

3 

207 

161 

164 

4 

189 

162 

146 

5 

206 

179 

161 

6 

212 

185 

164 

7 

197 

170 

154 

e 

200 

176 

159 

9 

181 

155 

139 

10 

199 

172 

154 

11 

206 

180 

159 

12 

190 

163 

147 

13 

192 

165 

148 

14 

184 

158 

140 

15 

180 

153 

137 

16 

196 

169 

151 

17 

197 

170 

152 

18 

197 

170 

152 

19 

188 

159 

142 

20 

181 

153 

136 

21 

177 

149 

133 

22 

198 

170 

152 

23 

192 

164 

147 

24 

190 

161 

145 

25 

190 

163 

145 

26 

123 

106 

99 

27 

173 

148 

132 

28 

140 

116 

106 

29 

149 

124 

109 

30 

146 

122 

109 

22 


Table  A-10.  Test  Data  of  Mr-Cooled  Cold  Plate  No.  2 
Manifold  Configuration  #4 


J 


THERMO¬ 

COUPLE 

HO. 

TEMPERATURE, 

TEST  COMD  11 

TEST  COND  12 

TEST  COND 

1 

74 

74 

74 

2 

103 

91 

85 

3 

199 

174 

161 

4 

183 

157 

143 

5 

199 

172 

158 

6 

200 

173 

158 

7 

189 

163 

150 

8 

193 

168 

155 

9 

175 

149 

135 

10 

192 

165 

151 

11 

194 

167 

152 

12 

182 

156 

143 

13 

185 

159 

145 

14 

178 

152 

138 

15 

174 

149 

135 

16 

187 

160 

146 

17 

188 

162 

147 

18 

188 

162 

148 

19 

180 

154 

139 

20 

174 

147 

133 

21 

170 

144 

130 

22 

187 

161 

146 

23 

183 

156 

141 

24 

181 

154 

139 

25 

181 

154 

139 

26 

124 

106 

97 

27 

162 

138 

124 

28 

131 

110 

101 

29 

144 

119 

107 

30 

134 

111 

102 

F 

13 


TEST  COND  14 


73 

81 

114 

106 

165 

114 

109 

113 

106 

147 

113 
108 

117 
119 

114 

115 

118 
127 
124 
111 
108 
118 
121 
115 
117 

88 

104 

90 

95 

90 


A-24 


Table  A-12.  Test  Data  of  Air-Cooled  Cold  Plate  No.  3 
Manifold  Configuration  II 


TEMPERATURE .  *F 

HO. 

TEST  COKD  «1 

TEST  CO«D  » 2 

TEST  COMD  13 

TEST  CONI)  *4 

TEST  COED  15 

1 

73 

73 

73 

73 

73 

2 

105 

97 

89 

84 

82 

3 

201 

186 

167 

154 

146 

4 

206 

190 

170 

157 

149 

5 

206 

191 

171 

159 

149 

6 

188 

173 

154 

142 

133 

7 

197 

182 

162 

149 

141 

8 

193 

178 

160 

146 

137 

0 

173 

159 

140 

128 

121 

10 

181 

166 

147 

135 

127 

11 

181 

166 

147 

135 

125 

12 

175 

161 

140 

128 

119 

13 

191 

176 

157 

14  3 

135 

14 

180 

165 

145 

133 

126 

15 

186 

171 

152 

139 

131 

16 

188 

172 

152 

139 

131 

17 

181 

165 

145 

132 

122 

18 

193 

178 

159 

145 

137 

19 

178 

164 

145 

132 

125 

20 

186 

170 

150 

139 

130 

21 

186 

170 

150 

138 

130 

22 

179 

164 

144 

131 

122 

23 

172 

157 

138 

127 

120 

24 

173 

157 

138 

125 

116 

25 

160 

146 

127 

116 

110 

26 

148 

134 

116 

105 

99 

27 

160 

146 

126 

114 

105 

28 

143 

130 

113 

104  • 

97 

29 

153 

140 

121 

110 

103 

A-26 


Table  A-12.  Teat  Data  of  Air-Cooled  Cold  Plato  No.  3, 
Manifold  Configuration  11  (Cont) 


Table  A-12.  Teat  Data  of  Air-Cooled  Cold  Plate  No.  3 
Manifold  Configuration  il  (Cont) 


THERMO¬ 

COUPLE 

TEMPERATURE,  *F 

no. 

TEST  COND  *10 

TEST  COND  111 

TEST  COND  112 

1 

72 

72 

72 

2 

79 

81 

83 

3 

102 

112 

122 

4 

128 

148 

165 

5 

103 

113 

123 

6 

100 

109 

119 

7 

118 

134 

147 

e 

101 

111 

121 

9 

99 

107 

115 

10 

100 

110 

118 

11 

100 

no 

119 

12 

99 

108 

116 

13 

109 

122 

132 

14 

104 

115 

124 

15 

108 

120 

132 

16 

109 

121 

133 

17 

104 

115 

124 

18 

109 

121 

132 

19 

100 

109 

118 

20 

101 

111 

120 

21 

101 

111 

121 

22 

100 

no 

118 

23 

100 

no 

118 

24 

100 

no 

118 

25 

96 

104 

no 

26 

91 

97 

102 

27 

96 

104 

no 

28 

90 

95 

100 

29 

92 

98 

104 

A-20 


Table  A-13.  Te *t  Data  of  Air-Cooled  Cold  Plate  Ho.  3, 
Manifold  Configuration  12 


THEKMO- 
COUPI  E 
HO. 


TEMPERATURE, 


TEST  COMO  »1 

TEST  COND  12 

TEST  COMO  13 

71 

71 

71 

102 

93 

86 

234 

215 

192 

241 

221 

198 

243 

222 

199 

220 

201 

179 

213 

213 

190 

229 

209 

186 

205 

186 

164 

213 

194 

172 

213 

194 

172 

205 

187 

165 

226 

205 

183 

215 

195 

171 

221 

202 

179 

222 

202 

179 

216 

195 

172 

229 

209 

185 

213 

194 

170 

221 

201 

179 

221 

201 

178 

214 

194 

171 

187 

164 

187 

165 

196 

176 

153 

184 

165 

143 

195 

176 

153 

173 

155 

135 

187 

170 

147 

TEST  COHO  *4  TEST  COHO  IS 


29 


Table  A-I4.  Teat  Data  of  Air-Cooled  Cold  Plate  No.  3 
Manifold  Configuration  12a 


TIN  K40- 
COU  1*1.1: 

TtMl '  UKATUKE ,  V 

w,. 

Tl:ST  CCM!)  «1 

TEST  COHO  12 

-----  . 

TEST  CO«D  *3 

Tl’ST  COKD  »4 

TEST  COHO  #5 

1 

70 

70 

70 

70 

70 

2 

100 

92 

85 

81 

79 

3 

2  36 

215 

192 

178 

168 

4 

242 

222 

198 

183 

171 

5 

24  3 

222 

200 

185 

174 

6 

221 

202 

179 

165 

155 

7 

2  34 

213 

190 

175 

164 

ft 

230 

209 

187 

172 

161 

9 

20B 

188 

165 

150 

141 

10 

216 

196 

173 

158 

148 

n 

215 

195 

173 

158 

148 

12 

207 

1B7 

165 

149 

140 

13 

227 

211 

183 

169 

160 

14 

217 

196 

173 

158 

148 

15 

223 

203 

180 

164 

154 

16 

22  3 

203 

180 

164 

154 

17 

216 

196 

173 

158 

146 

1« 

2  30 

209 

186 

171 

160 

n 

215 

194 

172 

157 

147 

20 

222 

201 

179 

164 

153 

21 

2  22 

201 

179 

164 

153 

22 

215 

194 

172 

157 

146 

23 

190 

166 

151 

141 

24 

188 

164 

150 

138 

25 

200 

178 

164 

140 

130 

26 

187 

166 

143 

128 

118 

27 

396 

178 

152 

137 

127 

28 

176 

157 

136 

122 

114 

29 

108 

168 

146 

132 

122 

£ 


TaMe  A-15.  Teit  Data  of  Air-Cooled  Cold  Plate  lio.  3 
Manifold  Configuration  #3 


THERMO¬ 

COUPLE 

HO. 

TEMPERATURE ,  ®r 

TEST  COHO  »1 

TEST  COMt)  *2 

TEST  COHO  »3 

TEST  COHD  *4 

TEST  COWD  *5 

1 

78 

76 

73 

73 

72 

2 

107 

97 

88 

84 

80 

3 

19  3 

177 

158 

149 

141 

4 

201 

184 

105 

153 

140 

5 

20  3 

185 

168 

156 

148 

6 

17) 

104 

146 

130 

129 

7 

193 

175 

157 

147 

1  38 

8 

190 

173 

155 

144 

135 

9 

169 

153 

1  36 

126 

118 

10 

174 

159 

142 

131 

124 

11 

171 

155 

138 

127 

120 

12 

162 

147 

129 

119 

112 

1  3 

185 

108 

150 

140 

132 

14 

178 

101 

143 

132 

124 

15 

18) 

107 

148 

137 

129 

10 

176 

104 

147 

136 

127 

17 

172 

155 

130 

125 

118 

18 

189 

172 

154 

142 

134 

19 

177 

159 

142 

130 

122 

20 

183 

105 

140 

136 

127 

21 

182 

105 

147 

135 

126 

22 

1 7  J 

156 

1  39 

127 

119 

23 

172 

150 

138 

127 

118 

24 

102 

147 

129 

119 

111 

25 

101 

140 

128 

118 

310 

20 

140 

131 

114 

105 

90 

27 

150 

135 

118 

108 

101 

28 

135 

122 

108 

99 

94 

29 

150 

130 

118 

lOfl 

101 

A-31 


i 


Table  A-15.  Test  Data  of  Air-Cooled  Cold  Plate  No.  3 
Manifold  Configuration  13  (Cont) 


Table  A-16.  Test  Data  of  Air-Cooled  Cold  Plate  No.  4 


Table  A-16.  Test  Data  of  Air-Cooled  Cold  Plate  Mo.  4  (Cont) 


Tflble  A- 17.  Teat  Data  of  Air-Cooled  Cold  Plate  Ho.  5 
Manifold  Configuration  II 


TEST  COND  II 


69 

100 

124 
123 
118 

134 

135 

125 
123 
111 

115 
130 
130 
104 

94 

103 

103 

110 

109 

107 

107 

109 

110 
no 

116 
no 

115 

111 

no 

no 


Ti'Xri.kATURT ,  *F 


TEST  COHO  12 

TEST  COND  13 

73 

75 

90 

86 

114 

107 

114 

111 

106 

100 

121 

117 

122 

115 

112 

106 

111 

108 

99 

93 

101 

96 

118 

113 

118 

112 

94 

90 

86 

83 

95 

92 

93 

88 

99 

93 

98 

92 

96 

90 

96 

90 

98 

93 

100 

95 

99 

93 

103 

97 

99 

92 

103 

97 

97 

93 

96 

92 

100 

96 

TEST  COMP  14 

74 

105 

142 

141 

130 

152 

155 

138 

136 

120 

122 

147 

147 

110 

98 

111 

109 

119 

117 
114 

114 

118 

120 
119 
126 
119 
126 

115 
114 

116 


Table  A- 17 


Teat  Data  of  Air-Cooled  Cold  Plate  Ho 
Manifold  Configuration  II  (Cont) 


.  5, 


THERMO¬ 

COUPLE 

m. 

H - 

TEMPERATURE,  P 

TEST  COHD  15 

TEST  COHD  *6 

TEST  COHD  17 

l 

75 

75 

75 

2 

116 

128 

85 

3 

162 

184 

84 

4 

164 

185 

84 

5 

147 

167 

124 

6 

179 

206 

89 

7 

176 

204 

90 

a 

158 

177 

84 

9 

158 

177 

84 

10 

133 

149 

108 

li 

136 

152 

107 

12 

172 

197 

89 

13 

168 

193 

89 

14 

122 

136 

84 

15 

106 

115 

84 

16 

123 

136 

64 

17 

120 

132 

95 

18 

133 

149 

86 

19 

131 

147 

88 

20 

126 

141 

90 

21 

127 

142 

97 

22 

132 

147 

88 

23 

134 

149 

87 

24 

131 

148 

100 

25 

143 

161 

89 

26 

132 

147 

92 

27 

141 

168 

89 

28 

130 

143 

86 

29 

126 

140 

98 

30 

132 

145 

86 

A- 36 


Table  A-18.  Test  Data  of  Air-Cooled  Cold  Plate  No.  5, 
Manifold  Confiquration  «2 


Tabid  A- 19.  Test  Data  of  Air-Cooled  Cold  Plate  Ho.  5 
Manifold  Configuration  13 


Table  A-21.  Teit  Data  of  Air  C'Viled  Cold  Plate  No,  6# 
Manifold  Configuration  >1 


THF.hMO- 

COUFI.E 

NO. 

TDfFLRATURE,  *F 

TEST  CON!)  *1 

TEST  COND  *2 

TEST  CO NO  13 

TEST  COND  14 

1 

68 

67 

68 

69 

2 

99 

84 

79 

78 

3 

109 

101 

98 

76 

4 

117 

107 

102 

130 

5 

123 

107 

102 

79 

6 

105 

97 

94 

75 

7 

106 

94 

91 

74 

A 

108 

90 

93 

106 

9 

122 

111 

106 

80 

10 

118 

103 

98 

78 

11 

91 

82 

80 

79 

12 

93 

83 

80 

76 

13 

102 

93 

90 

78 

14 

104 

94 

90 

78 

15 

100 

90 

87 

85 

16 

101 

89 

86 

84 

17 

106 

91 

87 

80 

IB 

107 

9 

90 

82 

19 

105 

93 

90 

86 

20 

96 

84 

80 

75 

21 

103 

89 

85 

78 

22 

99 

87 

83 

78 

23 

95 

85 

80 

77 

24 

98 

86 

84 

79 

25 

102 

89 

85 

78 

26 

100 

88 

86 

78 

27 

102 

89 

86 

81 

28 

„ 

103 

90 

84 

80 

A-40 


Table  A-22.  Teat  Data  of  Air-Cooled  Cold  Plate  No.  0 
Kanitold  Configuration  #4 


THERMO¬ 


COUPLE 

NO. 


TEST  COND  f 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 


70 

100 

109 

119 

122 

104 

103 
109 
118 
118 

92 

93 
101 
102 
101 
101 

104 
107 
106 

95 
102 

99 

94 

96 
101 
100 
100 
102 


TEMPERATURE,  *P 


1 


TEST  COND  #2 


TEST  COND  #3 


71 

71 

89 

82 

101 

98 

110 

105 

111 

106 

97 

93 

96 

92 

100 

95 

109 

104 

107 

102 

85 

81 

86 

83 

92 

88 

93 

09 

92 

87 

92 

87 

94 

90 

96 

91 

96 

92 

87 

83 

92 

87 

89 

84 

86 

82 

89 

84 

92 

88 

92 

88 

91 

86 

93 

88 

TEST  COND  14 


69 

78 

74 
132 

78 

73 

73 

107 

78 

78 

78 

75 

76 

77 
84 
84 

79 
61 
6b 
75 

78 
78 

75 

76 

77 

78 
78 

80 


6 


A-4i. 


i*  * 


